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Mathematical Part 


It is reported in our preceding paper™ that 
the problem of linear diffusion current can be 
treated reasonably when the boundary condi- 
tion demonstrates the equality of the three 
quantities, i.e., the rate of diffusion of the 
depolarizer, the rate of the electrode reaction, 
and the rate of diffusion of the reaction pro- 
duct. In this article, the mathematical treat- 
ment for the spherical electrode will be given. 
Suppose that a spherical electrode is immersed 
in an infinite solution of depolarizer and the 
suitable supporting electrolyte and that the 
electrode reaction product is water soluble. 
Two movements of the depolarizer and the 
reaction product are shown by the following 
system of equations: 
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where r is the distance from the center of the 
spherical electrode, ¢ is the time, and C and D 
are the concentrations and the diffusion coef- 
ficients, respectively. The suffices 1 and 2% 
indicate the quantities concerning the depolar- 
izer and the product, respectively. The initia! 
condition is shown by 
t=0, 121 Q=*Q, C:=*Cy (2) 

where *C’s represent the initial uniform con- 
centrations and r, is the radius of the electrode. 

Employing the Laplace transformation de- 
fined by 
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it is found that Eqs. (1) are converted into 


the system of the ordinary differential equa- 


(1) T. Kambara and I. Tachi, This Bulletin, 25, 196 
(1952). 


tions. Further, the proper boundary condition 
is given by 
oC; OCs 
op =k,C,—k.C,= —D, op? 
(4) 
where k, and k, are the rate constants of the 
forward and reverse reactions. Thus we obtain 
finally the expressions: 


t>0, r=r., Di 


_ é ” 
=*0,—Kr-/D{ >=" , ) 
sss ” DA etm + J/ptn 


exp (—21/ p)i 


. - (5) 

il 7 ce re se 

us=*C,+ Kren D(ztn T J/p+n ) 
exp - Z2n/ p ). 


In these equations: 


Eta, PES de 
JD, , 2 VD, ’ 
- re(ki*C, —k,*C2) m —d, 
K;= f ; 1= ; 
ry DD. 


m—n 
m—d, d,—n d,—n 
2 : 
- : mx "= 


= I/D ho , 
m—n m—n 


é, 


~ m—n 
_ b—/b?—4a0. | 
a 2a " 6) 

a=/D,D,; b=kw/Dy+kw/D, 


+m (/D, +0 D,); 


1 DD; 
c= . (Det hit a +); 


e 


And it it is seen that between these quantities 
the following relationships hold: 
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Now let us perform the inverse transforma- 
tion.. For this purpose, the following rule is 
favorable. 


go exp (—20/ p)=@(2, 2, t) 
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Hence it is found that the appropriate inte- 


grals are shown by 
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Verification of the Above Developed 
Theory 


(1) Linear Diffusion Current at the 
Plane Electrode.—The above stated theory 
must become identical with that reported in the 
Part 1 of this study, when the conditions 


given by 
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(10) 
are fulfilled. Then it is found that 
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where « is the distance from the electrode 
surface. It is also found that the quantities 
m1/n and 7,/n are finite and that 
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Thus the conclusions obtained with the plane 
electrode can be derived as the limiting case of 
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the present treatment. 


(2) Final Concentrations at the Elec- 
trode Surface.—Concentrations at the elec- 
trode surface can be obtained by putting r=;, 
Writing 
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Fy)=expy (1—ert/y); J 
it is found that the interfacial concentrations 
°C, and °C, are shown by 
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Putting t-°° gives the final concentrations at 
the interface, 7. e¢. 
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(3) Diffusion-Controlled Current Inten- 
sity.—If the electrode reaction of one mol of 
the depolarizer requires the electricity of n 
Faraday, it is seen that the current intensity 7 
is shown by 
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where q=47r,? is the surface area of the 
spherical electrode. 
that 


From Eqs. (6) it is seen 
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If the overall reaction rate is governed by the 
diffusion process, if can be shown asymptoti- 
cally that 
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Since k, is much larger than k., D; and Dz, it 
can Le written approximately that 
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Thus it follows that 
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On the other hand, it follows from the Eqs. 
(16) that 
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It can be, therefore, manifested that 
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Analogously it can be concluded that 
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This result derived asymptotically can be read- 
ily obtained when we solve the system of Eqs. 
(1) with the boundary conditions given by 
t>0, r=r,, C,=°C,(fin.), C.=°C.(fin.), (24) 
i.e. when we assume that the interfacial con- 
centrations take their final value immediately 
after the beginning of the electrolysis. 


(4) The Current Intensity Controlled by 
the Electrode Process.—In this case the rate 
constants k,; and k, being much smaller than 
the diffusion coefficients, it can be shown ap- 
proximately that 
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Hence it follows that 
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k, and k. being very small, and upon neglect- 
ing the higher powers of k’s it is found that 


i=nFylk,*C, —k,*C,), (27) 


which is a satisfactory result. 


(5) Establishment of the Concentration 
Equilibrium at the Spherical Electrode Sur- 
face.—It follows from the Eqs. (16) that 


°C; (fin.)/ °C, (fin.) + k./ki, (28) 


indicating that even after the elapse of the 
infinite time the concentrations at the interface 
do not reach strictly to their equilibrium values. 
This may appear irrational at the first sight, 
but the same: conclusion can be derived very 
simply as follows. Upon integrating the Eqs. 
(1) with the boundary condition given by Eq. 
(24), it can be readily seen that 
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This relation holds at any time, and it can 
be immediately found that putting ‘=©°o gives 
the Eqs. (16). Owing to the term 1/r,, it is seen 
that the electrolytic current continues to flow 
for ever; this means that the concentrations 
at the electrode surface are always deviated 
from their equilibrium state. Therefore, it may 
be said that the curvature of electrode is the 
essential factor affecting the electrode processes. 
It is manifested by Kaishev® that the 
equilibrium potential of a reversible metal 
electrode differs from the value predicted by 
the Nernst formula when the curvature radius 
is finite. This Opinion is in harmony with 
the present considerations, 


(6) Polarographic Current-Time Curves. 
—The above treatment for the spherical elec- 
trode is much more complicated than that for 
the plane electrode; but the course of polaro- 
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(2) R. Kaishev, Annuaire Univ. Sofia, Faculte phys.m-at., 
43, Livre 2, 583—62 (1941~1947) ; C. A. 44, 3818 (1950). 


Theoretical revision of the Ilkovi¢ equation 
was carried out by Strehlow with Stackelberg, 
Lingane with Loveridge,® and by us; there 
is no doubt that the correction term of the 
form : 
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graphic current-time curve as discussed in our 
preceding paper jis seen to be explained 
reasonably by the theoretical treatment given 
here. The oscillographic findings are com- 
prehensible from the present theory; the 
procedure therefore can be carried out quite 
analogously to that given in our preceding 
paper. 


Summary 


Provided that the depolarizer and the elec- 
trode reaction product are water soluble, the 
spherical diffusion equations are integrated. 
The boundary condition is so chosen that the 
three elementary processes, i.e., the diffusion 
of depolarizer, the electrode reaction, and the 
diffusion of the product, proceed in an equal 
velocity at the electrode surface. The result 
thus obtained can explain the essential role of 
the curvature of the electrode in some problems 
concerning the electrode reaction. 


The author wishes to express his sincere 
thanks to Prof. I. Tachi for his interest to 
this research. 


Agricultural Chemical Laboratory Faculty 
of Agriculture, Kyoto University, Kyoto 





is required. 
coefficient A, however, a further discussion is 
needed. Jn order to clear up this problem, our . 
new treatment will be given below. 


As for the numerical value of the 


Derivation of the Equation 


As reported in our preceding paper, 


the 
thickness of diffusion layer, denoted by 8, sur- 
rounding any spherical electrode of radius r, is 
given by the integral equation: 


t 72 
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where » is given by 
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y=3/(re—9), (?) 


and D denotes the diffusion coefficient of the 
depolarizer. In the case of the dropping mercury 
electrode, it is seen that 


r,=a-US, a=a-m*; 


1/7 3\"s . 
™ =2.602 x 10-2; 
. (aa) — 


where m is the rate of flow of mercury in mg./sec. 
and d=13.55 is the specific gravity of mercury 
at 20°C. Thus Eq. (1) can be transformed into 
the form : 
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Writing 
aryt)/(y+H= Y (5) 


and regarding this quantity of an infinitesimally 
small value as having a constant value during 
the time interval of interest, then it is seen that 
Eq. (4) is integratable; i. e. 
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Combination of the Eqs. (5) and () 


following cubic equation : 


gives the 


Fy) = +2y?—26,/r. 24 —2¢ 


a=,/4 xDt 
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is the thickness of diffusion layer derived by 
Ilkovic. 

Since y possesses a sinall positive value com- 
pared with unity, it is seen that one of the 
approximate solutions of Eq. (7) is given by 


where 


9=6,/Te 5 (9) 
whence the Lingane-Loveridge equation: 
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can be obtained, the procedure of which was 
already shown by us.“ <A more precise solution 
thereof is, according to the differential calculus, 
given by 
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That Eq. (11) is more accurate than Eq. (10), is 
made out as follows; i.e., it can be readily seen 
that 
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accordingly it is seen that a more suitable value 
for y is found. It may be noticed here, however, 
that 


Fy) =—y°<0; Fy) =4y*+by?> 0; 
and also that /"'() =6y+4 and &" (y) =3y?+4y—2y" 
are positive in the interval [y, 2y]. 

Now it follows from the Eqs. (2), (9%, and (11) 
that 
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where f(y) is, according to the Maclaurin’s 
theorem, shown to be 


(13) 


Hence the instantaneous limiting diffusion current 
i, in amp. is given by 
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Further it is seen that 
9=b-DV?.m-V3.t8 ; b=44.593. (15) 


Adopting the usual conventional units, therefore, 
it is found that i, in « amp. is shown by 
é,= 707.6 nC[DV2. m3/3.t18+433.45 DemV*.01% 
+248.6 DY3.t'/3—5543 D®.m-1/%.127/%4-123.6 
x 10°-D°/?.m-2/3.t5/6—2. 755 x 108. D*¥.m-'.t 


+61.44 x 108. D7/4.m-4/4. 17/8 —...---]. (16) 
Thus the mean current is shown by 


i= 606.5 nCLDV3.m3.01% 429.27 Dem. 
+171.1 DV?.t12—3880 D?-m-/3.27481,38 
x 10*D5)3.m-3/3.8/—~1.607 x LO8L3.m-'.t 


+33.08 x 10°D7/2.m-4/9.17/6—....--J, (17) 


In this equation ¢ now represents the drop time. 


Discussion of the Result 


Since the above stated procedures are more 
exact than our former one, it can be concluded 
that as for the correction term of the [kovic 
equation, the coefficient 39 previously reported 
by us is too large. Then which is more adequate 
of the two coefficients, i.e. 17 given by Strehlow 
and Stackelberg or 29.27 given here? The 
answer to this question will become clear by 
the experimental work in future. It must be 
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pointed out here, however, that the polaro- 
graphic current-time curve, especially in the 
younger age of drop-life, considerably differs 
from that predicted by the formula of the form 
i=(ky-O%+k,-t/) : 

this is reasonably comprehensible from the 
considerations taking the rate of electrode 
reaction into account. Thus it is expected 
that also the mean current would be effected 
for the same reason. 

It was reported by Smith that the current- 
time curve with a very slowly growing mercury 
drop shows a parabola of one-half order. 
This phenomenon was first clarified by Strehlow 
and Stackelberg™ in a mathematically very 
simple way. The above theory can elucidate 
this finding very satisfactorily. It is further 
expected that with a capillary of small m-value 
and large f-value, the higher terms will become 
more and more important. 

It must be pointed out here that the coef- 
ficient 606.5 in Eq. (16) is more adequate than 
the former reported value 605; this discrepancy 
arises from the fact that we used the value 
d=13.6 (0°C) for the density of mercury in 
the preceding papers. 

We made a serious error when, in our 
preceding papers,“) we wrote that the trans- 
formation of the coordinate system carried 
out by MacGillavry and Rideal® is erroneous. 
In order to elucidate the relation between the 
two theories proposed by MacGillavry with 
Rideal and by Ilkovi¢,™ we will show the 
mathematical proof for the identity of these 
two theories. Because the quantity (47/3) p* 
appearing in the MacGillavry theory, represents 
the volume of the spherical shell of incompres- 
sible medium surrounding the mercury drop, 
it is seen that 


= p* == qr =a7F/3.7 =a7u, (18) 
where w is the variable appearing in the Ilkovit 
theory. With the aid of this relationship, 
the solution given by MacGillavry becomes 
identical with that given by Ilkovic. 

Next we will prove that -the MacGillavry- 
Rideal theory, which starts from the differential 
equation taking the curvature of mercury drop 
into consideration, is neglecting the curvature 
effect in result. Their differential equation, 
i. @ 
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Pays-Bas, 56, 1013 (1937). 
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Du a or? 
is converted into the form : 
“nf 3 “an 3 a 
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by the transformation of the coordinate system 
shown by 


422 _1 720 
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r or 


r=p+yt; Yy=a"*. (21) 


Since the condition yt > p* holds, Eq. (20) is 
transformed into 


1300 _ oe FC =) 
Dat p> op? “ap/” 
Upon solving this equation, they derived the 
original Ilkovié equation. 
If we ignore the curvature of drop, it is 
seen that Eq. (19) is written as 


1 oC — oC 1 Y ‘ a (23) 
Dot or D 8 or’ 4 
By the relation shown by Eq. (21), this equa- 
tion is transformed into 


100 | ere FC 24% =) 
Da fp op? p*+ytap ]° 


Also this equation can be simplified into Eq. 
(22), which leads to the same result; accordingly 
it can be demonstrated that the MacGillavry- 
Rideal theory ignores the curvature effect. 

It is pointed out by Dr. H. Matsuda® that 
the mathematical procedure given in Part II 
of this research is in some points incorrect, 
i.e. it holds only as the first order approxima- 
tion. The procedure solving the MacGillavry- 
Rideal differential equation given by him, 
which will be published in the near future, is 
expected to contribute much to the study of 
polarographic diffusion current. 


(22) 


(24) 


Summary 


Starting from the integral equation for the 
thickness of diffusion layer at the spherical 
electrode, a new equation for the polarographic 
diffusion current is derived and discussed. 


The authors wish to express their hearty 
thanks to Prof. M. v. Stackelberg and Dr. H. 
Strehlow for their kind communications of 
their opinions on this problem and for separate 
copies of their papers. The authors’ thanks 
are also due to Dr. H. Matsuda for his kind 
and constructive criticism. 


Agricultural Chemical Laboratory, Faculty 
of Agriculture, Kyoto University, Kyoto 
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Introduction 


The study of the irreversible reduction wave 
of the hydrogen ion at the dropping mercury 
electrode (D.M. E.) is not only very important 
in the field of polarography, but also it seems 
to be highly valuable from the general stand- 
point of the study of hydrogen overvoltage, 
because the D.M.E. has the following char- 
acteristics in comparison with the usual station- 
ary electrode. It is well known that at the 
D.M.E. a very good reproducibility can be 
obtained with many metal ions and organic 
substances because of its continuous renewal of 
the surface. The use of the D.M.E. makes it 
possible to ignore the historical effect of the 
electrode, and it can be expected that some 
obstacles in experiments, which appear in the 
use of the stationary electrode, are eliminated. 

The mechanism of the reduction process of 
the hydrogen ion at the D.M.E. was investi- 
gated by J. Tomes,® J. Novak® and J. 
Heyrovsky™ in 1987. The experimental results 
obtained by them, however, seem to be too 
complicated to be satisfactorily explained by 
the former theory on the polarographic current- 
voltage curve which assumes that the electrode 
potential of the D.M.E. can be represented by 
the Nernst equation. Furthermore, it is 
doubtful whether the Nernst equation could be 
used in the polarographic reduction process 
of the hydrogen ion. 

The great advances in the experimental tech- 
nique and theory of polarography have been 
made during these ten years. By the use of 
the cathode-ray oscillograph and the method 
of Kalousek™ it became possible to examine 
the reversibility of the electrode process at the 
D.M.E. <A new concept oi the polarographic 
limiting current which is controlled by the 
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(4) J. Heyrovsky, ibid., 9, 271 (1937). 
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Chem. Communs., 7, 198 (1925). 
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adsorption process®) or the rate of the reac- 
tion®) was introduced by R. Brdicka and 
others, and the revised Llkovic equation for 
the diffusion current was derived by several 
investigators. In collaboration with Dr, 
N. Tanaka the present author derived the 
formulas for the current-voltage curve in po- 
larography from the standpoint of chemical 
kinetics and presented an interpretation for the 
experimental results concerning the irreversible 
polarographic waves.“ 

Under these circumstances it seems to be 
promising to investigate the reduction process 
of the hydrogen ion at the D.M.E. from the 
same theoretical viewpoint as in the previous 
work.¢) This paper treats the theoretical part 
of the study; the formulas for the current- 
voltage curve of the hydrogen ion discharge 
under the various reaction mechanisms are 
derived and the discussions on the properties 
of the half-wave potential and others are 
presented. The experimental part will follow 
in other papers. 


General Remarks 


Many theories have been presented to inter- 
pret theoretically Tafel’s equation,” 


»=a—b log i, 


where 7 is the overvoltage at the current 
density i and a and b are the constants. These 
theories can be classified into three types— 
namely, (i) the slow discharge theory, (ii) the 
recombination theory and (iii) the electrochem- 
ical theory—according to the rate-determin- 


(8) R. Brdicka, ibid., 12, 522 (1947). 
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(10) J.J. Lingane and B. A. Loveridge, J. Am. Chem. 
Soc., 72, 438 (1950); H. Strehlov and M. v. Stackelberg, 
Z. Elektrochem., 34, 51 (1960); T. Kambara, M. Suzuki end 
1. Tachi, This Bulletin, 23, 219 (1950); T. Kambera and 
I. Tachi, ibid., 23, 225 (1950). 

(11) N. Tanaka and R. Tamamushi, This Bulletin, 22, 
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(1949); 23, 110 (1960); R. Tamamushi. ibid., 23, 259 (1950); 
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ing process. In the slow discharge theory @* 
the rate-determining step is the discharge pro- 
cess Of the hydrogen idn (1), while in the 
recombination theory“) the process of the 
formation of the molecular hydrogen (2) is the 
slowest step. 


KE, 
ky 
H +H = H, 


ky 


'" KE, 
| H*+t+ emH (1) 
A. 


— 
te 


In the electrochemical theory of Horiuchi and 
others, the following reduction process is 
assumed: 


KE, 
=== Ha 
nK, 

k, 


— 
— 


ky 
| KE. 
H,tt+te = 
KE, 


Ha: the adsorbed hydrogen atom. 


| Ht + e (3) 


B. H, +H* H.* (+) 


H, (5 


in which the rate-determining step is process 
(5). The mechanism which is assumed by 
Heyrovsky to interpret the polarographic cur- 
rent-voltage curve of the hydrogen ion is sim- 
ilar to that of the electrochemical theory, but 
in this case “‘ molarization” process (4) is the 
rate-determining step. 

In general, the hydrogen atom which is pro- 
duced, H or Hz, will disappear from the elec- 
trode surface by various processes, i. €., recombi - 
nation process (2), molarization process (4), the 
diffusion process of H itself, and so on. As 
far as the reduction process is concerned, the 
problem which of these processes is predomi- 
nant will be determined by the magnitudes of 
the forward rates of these processes. (Here- 
after, forward means the direction from left to 
right of a chemical equation.) For example, 
if the rate constant of the forward process of 
(2) is larger than those of the diffusion process 
of the hydrogen atom from the electrode surface 
and the other processes, process (2) will be the 
predominant reaction to consume the hydrogen 
atom produced. On the other hand, if the 


(18) M. Volmer and T. Erdey-Gruz, Z. physikal. Chem., 
150 A, 203 (1930); R. W. Gurney, Proc. Roy. Soc., 134A, 
137 (1981); A. Frumkin, Faraday Society Discussion, No. 1, 
p- 57 (1947); ete. 

(14) J. Tafel, loc. cit.; J. O'M. Bockris, Faraday Society 
Discussion, No. 1, p. 95 (1947); etc. 

(15) G. Okamoto, J. Horiuchi and K. Hirota, Sci. Papers 
Inst. Phys. Chem. Res. Tokyo, 29, 223 (1936); etc. 
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diffusion process of the hydrogen atom is much 
faster than the rates of the other processes, 
the hydrogen atom will disappear from the 
electrode surface mainly by the diffusion of 
itself. 

[t is assumed throughout the following dis- 
cussion that the overall electrode process is in 
a stationary state, i.e., in a dynamic equilib- 
rium. It is to be mentioned here that the 
electrode potential is used in the following 
discussion instead of the overvoltage. 


The Mechanism A 


(I) One Hydrogen Ion participates in 
Process (1).—Let us consider that the rate 
constants of the forward (reduction) and the 
reverse (oxidation) reactions of process (1) are 
represented by «,E, and «,F, and that those 
of recombination process (2) by k,; and k,, 


respectively. «,, K,, EH, and E, are the 

- kT _— ke’ . 

abbreviations of s } e~ 4h RT, ¢ } e— 4%/RT, 
h a 


ea VaVEYRT gy @(~a)nVF/RT, respectively, where 
JF, and J#, are the free energies of activation 
of the forward and the reverse reactions of 
process (1), V the electrode potential referred 
to a certain reference electrode, @ the fraction 
of the potential V which is operative between 
the initial and the activated states, n the 
number of electrons which participate in redox 
reaction (1), and 8 is a constant which depends 
on the nature of the electrode. Since the cur- 
rent flowing is represented by the difference 
of the two rates, i. e., the forwerd and the 
reverse, the cathodic current at the dropping 
mercury electrode can be written as follows: 


[= F(«,E,[ Aut }—*2E:[Au}) (6) 
I =2F(k,! [An?—ky’ [ An.) (7) 
kisok,  k,' Sok, 
in which [An*], [Aa] and [Aq] are the 


activities of the hydrogen ion, the hydrogen 
atom and the hydrogen molecule at the elect- 
rode surface, respectively, and o is a propor- 
tional constant. 

The hydrogen ion at the electrode surface is 
supplied by the diffusion process of this ion 
from the bulk of the solution where the activ- 
ity of the hydrogen ion remains constant. 
Moreover, it is assumed that the molecular 
hydrogen produced at the electrode will disap- 
pear from the electrode surface by diffusion. 
Taking into consideration these diffusion pro- 
cesses, the current flowing is represented by 


I= FKu'* ((Ca*}°—[Ca*)) 


= FRK'n* ({[A1*]°—fAa*)) (8) 
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K' a’ =Ku* | fa~ 
I=2F Ka,(iCaz}—!Cuz}°) 
=2FK' «.(jAnz|—!A 7]°) (9) 
K' w.=Kuz/ faz 


where [Ca*]°, [Cw2]°, [Cu*] and [Cay] are the 
concentrations of the hydrogen ion and the 
hydrogen Ynolecule in the bulk of the solution 
and at the electrode surface, respectively, [An*]° 
and [Aun,]° the activities of the corresponding 
terms, and fx* and fz. are the activity coef- 
ficients of the hydrogen ion and the hydrogen 
molecule, respectively. We can ignore the ex- 
istence of the migration current because of the 
presence of the excess of the supporting elec- 
trolyte in the polarographic studies.@® 
By assuming that all processes at the electrode 
surface including the diffusion processes are 
kept in a dynamic equilibrium, the current, I, 
can be expressed as the function of V, [Axu*]° 
[An,]° from Eqs. (6), (7), (8) and (9), i.e.: 
FR'y*|Au*}°--I 
[= Fe PR ny ) 


. 


I 
— F«.E, 2 FR’ 7.) An.|° 
Ky it ni Aus| 


rv? 13 
+ *"T+t)) (10) 


Fsk,! /k,' 


This is the general equation for the current- 
voltage curve of the hydrogen ion discharge 
under mechanism (A). 


(a) Activation-controlled Case.—In this 
case it is assumed that «,E, is much smaller 
than K’a”* and that the current flowing is 
negligibly small at the electrode potential, 
where «,E; is nearly equal to «,E,/°*?. When 


_ the electrode potential becomes more negative, 


«,E, becomes larger and «,E,J™'/? tends to be 
zero. In this potential region the current, 
which is accompanied by the reduction process, 
appears." Under this condition the second 
term of the right-hand side of Eq. (10) can 
be neglected in comparison with the first 
term and the reduction current can be repre- 
sented by 


FR'n*|An*!°-—I 
FR'n* 
I,=FK'n*|An*]° (12) 


I= F«,k, (11) 


where I; means the limiting current. 


(16) I, M. Kolthoff and J. J. Lingane, «‘Polarography”, 
Interscience Pub. Inc., New York, N. Y., 1946, p. 83. 


On the Mechanism of the Reduction Process of the Hydrogen Ion 289 


This relation is quite the same as that for 
the reduction of the simple (or hydrated) metal 
ion in the activation-controlled case.0 It 
is readily shown that the relation between 
log I,(I,--I) and V—so-called “ log-plot ”—is 
a straight line whose tangent is equal to RT/aF 
and that the half-wave potential, V1/., is in- 
dependent of the limiting current. Moreover, 
Eq. (12) shows that the limiting current is 
controlled by the diffusion process and is equal 
to the diffusion current. 


(b) Diffusion-controlled Case.— As men- 
tioned in the previous papers it is assumed, 
in the diffusion-controlled case, that «,E, and 
«,E,I™'* are much larger than K’n*, K'nz or 
k', at the electrode potential where «,E, is 
nearly equal to «,E,/°’*. In this potential 
region Eq. (10) can be reduced to 


(se ) = K'n» 1 
K,E; es F (K'n*}?* I’ 
(FR'n *|An*]°—I?? 


K’'ns 
2FR' wn) Anz)°+ ag ae 
2 


\ 


*< (13) 


because the term 1/«,E£, can be neglected in 
comparison with the other terms in Eq. (14). 
When the activity of the hydrogen molecule in 
the bulk of the solution is equal to zero, the 
following equation for the reduction wave can 
be obtained from Eq. (13) by introducing the 
relation, [,= FK'n*[An*]°, i-e.: 
V: t 2 log (14) 
= const. F °8 (1)? (14) 
From this equation it is shown that the 
relation between log I/(I,;—I)? and V is linear 
and that the half-wave potential is represented 


by 
>» 


RT 
V,.=const.+ —- log I; (15) 


Eq. (15) means that the half-wave potential 
is not independent of the limiting current but 
it shifts to a more positive one as the limiting 
current increases. 


(II) Two Hydrogen Ions participate in 
Process 1.—If we assume that each of two 
hydrogen ions takes an electron simultaneously 
and the hydrogen atoms thus produced com- 
bine with each other to form a hydrogen mole- 
cule at the electrode surface, the following 
equation for the discharge reaction should be 
used instead of process (2), i.e.: 


2H * +2e == 2H (2") 


According to this process the current flowing 
is represented by 














I =2F(«,E,|Aua*]?- «,E.[Aun]*) (16) 
By the use of Eq. (16) instead of Eq. (6), the 
general equation for the current-voltage curve 
can be easily obtained by the same methed as 
mentioned before: 


FR'an*([An,|°—I 


1 =2F.By( FR'n 


2 

) —2F KE; 
f 4 o, K' aA: 

x (opwrrg,(2FK #»{An.|°+ prt+t)) 
(17) 


(a) Activation-controlled Case.—In this 
case the following relations for the reduction 
wave sre derived from Eq. (17): 


,. wae are 
wil = “ or,—T) 
or 
‘ RT I : 
V =const.— — log (1,1? (18) 
and 


I,=FRK'a”"|An*|° 


It is quite obvious in this case that the limit- 
ing current is determined by the diffusion 
process and that the hali-wave potential be- 
comes more positive as I; increases. 


(b) Diffusion-controlled Case.—By the 
same treatment as mentioned in (I)-(b), the 
equation of the current-voltage curve under the 
present condition can be obtained, the results 
of which are quite similar to Eqs. (13), (14) and 
(15). 


Electrochemical Mechanism 


According to the electrochemical theory, the 
reduction mechanism of the hydrogen ion is 
represented by process (B). In this case, besides 
Eqs. (8) and (9) due to the diffusion processes, 
the current flowing can be written as follows: 


I=F(«,E,[An : |°- K»E.,[Ana}) 
I=F(k;'[Ana]l[ Au” } 


(19) 
—kz!| Anz J) 
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(20) 
(21) 


&,’ =ck, 


I=F («;E,{An2*|—«,E,| Any}) 


k,’=ck, 


T ; Canin 
K;E,=s8 e—4F3/RT op“ pVF/RT 


AEs e7 4¥4/RT g@1—B)VF/RT 


4F; and 4F, are the free energies of activation 
of the forward and the reverse processes of (5), 
respectively, and 8 has the same meaning 
as Q@. 


(I) Rate-determining Step is Process 
(5).—If we assume that process (5) is the 
slowest step of processes (3), (4) and (5) in the 
potential region where the reduction wave ap- 
pears and that these processes are in a dynamic 
equilibrium at the electrode surface, the rela- 
tion (22) for the current-voltage curve can be 
derived from Eqs. (8), (9), (19), (20) and (21): 
By taking into account the condition of the 
activation-controlled case, the second term of 
the right-hand side of Eq. (22) can be neglect- 
ed in the potential region of the reduction 
wave, because «,/, is nearly equal to zero under 
this condition, and Eq. (22) can be reduced to 
Eq. (23). Furthermore, it seems reasonable to 
assume that «,H,/«,E, is very small in this 
potential region and that I is much larger than 
K’'n*I. By this assumption Eq. (23) can be 
simplified as follows: 


1 (FR’'n*(|An*|°-—-I)? 


(2+) 
(K’n*) ppt: 


[=«;E;s 


KE, 


When the electrode potential is sufficiently 
negative and I/«,E; is negligibly small, the 
limiting current which is controlled by the 
diffusion process appears and it is represented 
by Eq. (12). From these equations the fol- 
lowing formulas for the current-voltage curve 
and the half-wave potential are derived, i.e.: 


V =const. - log ! (25) 
(1+8)F (1,—I)? 
and 
, RP pan 
Vi/2== const. + a+,)yp I, (26) 


I=F f E ky'e,E,\(FK'n*[An* |°—I)?—K' a TF. a (An? |°-D))—F(K'n* «ET 
en Ftk,!(K'n* Es 
2PR! ws Ans|° +I 
ae | (22) 
J + 1° ‘ad +40 yf 4 7 1 KE, 
R’ vpl(PK'n [Au |°—I)(PK’a*(Au*|°—I—K'n“I)|—F ae I 
I=Fx3E; { = 1 14%) (23) 


F? = 


k,’ 
k,’ 





KK, 
KE; 
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These results are qualitatively similar to those 
obtained from Eqs. (14) and (15). 


(II) Rate-determining Step is Process 
(3).—Let us consider that the rate constant, 
K,E,, of the reverse reaction of process (3) is 
negligibly small in comparison with that of the 
forward reaction, «,£, in the potential region 
of the reduction wave, and that the rate 
constants of the forward reactions of processes 
(4) and (5) are sufficiently large. In this case 
the adsorbed hydrogen atom, Ha, produced in 
process (3) will instantaneously react with H* 
and an electron and give a molecular hydrogen. 
Under this condition the reduction current can 
be represented as follows: 


[,—I 
K'n* 
T=FR'n* [An*]° 


I=K,E, 


This result is quite the same as that of the 
reduction of the simple metal ion in the 
activation-controlled case.7) As far as the 
reduction process is concerned, processes (4) 
and (5) do not play any role in the present 
case, but, if the oxidation process of H, is 
considered, these processes have an important 
effect on the current-voltage curve. 


The Mechanism in which the Adsorp- 
tion Process of the Hydrogen Ion 
is taken into Consideration 


Let us assume that only the hydrogen ions 
adsorbed on the electrode surface can be 
neutralized. This assumption seems probable 
because it has been pointed out by J. Weiss that 
only H,O* ion on or very near to the surface 
of the electrode can discharge.“ The structure 
of the double layer near the electrode is 
considered to consist of two energy barriers, 
one of which is between the solution side, S, 
and the adsorption state, A, and the other is 
between the adsorption state and the electrode 





Fig. 1.—-The energy barrier between 
the electrode and the solution. 


(7 J. Weiss, Faraday Society Discussion, No. 1, p. 135 
(1947). 


side, E. (Fig. 1). As suggested by P. van 
Rysselberghe, the hydrogen atom produced by 
the neutralization process will exist in various 
forms, e. g., adsorbed state H,, free hydrogen 
atom, and so on.@8) Moreover, there may be 
various processes which will take place after 
the neutralization of the hydrogen ion, e. g., 
the recombination of the hydrogen atoms, the 
combination reaction of the hydrogen atom 
and the hydrogen ion, etc. At any rate, if it 
is assumed that the rate constant of the 
oxidation reaction, i. e., the reverse process 
from E to A, is negligibly small in comparison 
with that of the neutralization process from A 
to E in the potential region of the reduction 
wave, the equation for the reduction wave is 
not influenced by the processes which follow 
the neutralization reaction. In the following, 
only the results derived from this assumption 
are set down. For convenience’ sake, let us 
call this mechanism “the slow discharge 
mechanism of the adsorbed hydrogen ion”. 

Under these conditions the overall electrode 
process of the discharge of the hydrogen ion is 
represented as follows: 


diffusion 
H‘* (bulk of the solution)——> H°* (surface) 
adsorption 
H* (surface) = H * (adsorbed) 


«,E,’ reduction 
H* (adsorbed) — 
«x,E,’ oxidation 


H_ (surface) 


H (surface) — > disappears from the 
electrode surface by 
some processes 


According to these processes the current flowing 
can be written by the next relations: 


I=FRK’x* ([An*]°—[An*]) (8) 
I =F(«,E;’[Ana*]—«2E,'[An]) (27) 


kT . _— 
KE,’ =8 1 etiattattindl 1FY/RT, 
oT . 
KE. =s8 h e~4¥a/ RP oy gh/RT 


where JF, and JF, are the free energies of 
activation of the reduction-oxidation process; 
V; means the difference of the electrical 
potential between the activated state, C, and 
the adsorbed state, A, and V., means the dii- 
ference of the electrical potential between the 
electrode surface, E, and the activated state, 
C, respectively (Fig. 1). [Aaa*] is the activity 
of the hydrogen ion adsorbed on the electrode 


(18) P. v. Rysselberghe, J. Chem. Phys., 17, 1226 (19:9). 
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Table 1 
, Chemi 
Mechanism ean Formula for C-V Curve Log-plot Vyvs. TD, I, 
A-(I) 
Diff. = ‘+ est i V=const.— Mr log 7 7 unsym. (L) pos. Ia 
Act li +H=?H ‘=const.— “2 I 
Act. -— Ha = const. = log a sym. indep. 7 
pa ie 
A-(ID) 
Diff. (2H*+2e=*2H ~ J"=const.— 27 . L) 
4 ‘? 2e = 2 = const. , log G— 1? unsym. (L) pos. ” 
Pind 
Act. lon az HH, V =const.— ue log UL 7 unsym. (L) pos. ” 
Electrociiem. ; 
; ‘ ashen - RT ‘ 
(I) ‘i +e =H, V =const.— log unsym. (L) pos. ” 
H, +H+= H,* (1+ A)F (1,-—I)? 
+ > . , 
dD H,*+ ex Wa V =const.— AT log ; z sym. indep. 4 
ar a 
Slow 
4 H,, +4 e pm 4 H ah 
Disch. { V =const.— =a log i 1 : unsym. (U) neg. 4 
An — + He =H, . lhl 


Diff.: The diffusion-controlled ty pe. 


Act.: The activation-controlled type. 


unsym. (L): The lower half of the wave is steeper than the upper half. 
unsym.(U): The upper half of the wave is steeper than the lower half. 
sym.: There is a center of symmetry at half-wave potential, i. e., the relation between 


log Z/(/—J) and V is linear. 


pos.: Vy4/g shifts to more positive with the increase of J,. 
neg.: V4/2 shifts to more negative with the increase of J,. 


indep.: }'y/g is independent of J,. 


surface. According to the assumption men- 
tioned above we can neglect the second term 
of the right-hand side of Eq. (27) in the 
potential region of the reduction wave and, 
therefore, Eq. (27) can be reduced to the fol- 
lowing as an approximation: 


I=FK,E;'{Auna* } (28) 


Now, let us assume that the adsorption 
equilibrium of the Freundlich adsorption 
isotherm type is kept between the adsorbed 
ion and the ion in the solution side. It is 
shown that the Freundlich adsorption isotherm 
is more satisfactorily applied to the adsorption 
phenomena in solution than the Langmuir 
isotherm. If the effect of the electrical 
potential difference, Va, between the adsorbed 
state, A, and the solution side, 8, is taken 
into consideration, this equilibrium can be 
represented by 


VaF 
[Ana*|=Y¥{[An* pexp(— RT ) (29) 


ysl 


(19) J. N. Brénsted, « Physical Chemistry”, William 
Heinemann Ltd., London, 1937, p. 355. 





where Y and » are the constants of adsorption. 

From Eqs. (8), (28) and (29) the equation 
for the current-voltage curve can be obtained 
as follows: 


7 VaF 
«KE, exp —zr ) 


(PR nt)’ I tao) 
FY (PK'n*[Au*)°—1) © 

by which it is easily shown that at a suf- 
ficiently negative potential the limiting current, 
which is controlled by the diffusion process 
and represented by Eq. (12) cited before, 
appears. If the relation between the electrode 
potential, V, and the terms, V;, Vz and Va, 


V=VitVitVe, VitVa=a’v 


and Eq. (12) are introduced, the following 
formula is obtained by rearranging Eq. (30), 


(20) a’ is a proportional constant and is related to a 
by the following equation: a’ =a {(V—Va)/V}+("./V), 
because q@ can be represented by V;/(V1+)'2) in the 
present case. It is obvious that when Va is very small 
a’ becomes equal to a. 
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A Biers RT lo so a nisms, are summarized in Table 1. 

Lips * a’F 8 I,-I 
RT Summary 
+p —Dlog(-I) (81) 

The formulas for the current-voltage curve 
in which, of the reduction wave of the hydrogen ion 
RT AF under the various mechanisms of the overall 
const. = a A Rr tee Y+logs deposition process were derived from the 
standpoint of chemical kinetics. The results 


+log +log F—» log (F k’n*)) 


It is quite clear that the relation between 
V and log I/(I;—I) is by no means linear in 
this case. By using the definition for the 
half-wave potential, [=I,/2, we can get the 
relation between V;/. and I, as follows: 





Vi2= const’.+ at, (v—1) log I, (32) 
in which, 
const’. = 7 (— Fy toe 1 Hog s+log 
a’F\. RT h 


+log F—v log(F K’n*)—(v—1)log 2) 


The half-wave potential shifts to more negative 
side as the limiting current increases, because 
the term (y—1) is negative. 

All results on the properties of the current- 
voltage curve of the hydrogen ion, which are 
obtained under the various reduction mecha- 


on the various properties of the current-voltage 
curve,-—the relation between the half-wave 
potential and the concentration of the hydrogen 
ion in the bulk of the solution, the property 
of the limiting current, and the log-plot analysis 
of the current-voltage curve—are presented. 

It is assumed throughout the present discus- 
sion that the processes at the electrode surface, 
including the diffusion process, are kept in a 
stationary state, i. e., in a dynamic equilibrium. 
This assumption seems to be reasonable when 
the stationary and reproducible current-voltage 
curve js obtained at the dropping mercury 
electrode. 


The author expresses his best thanks to 
Prof. San-ichiro Mizushima and Assist. Prof. 
Nobuyuki Tanaka for their great encourage- 
ment and valuable suggestions in this study. 
The cost of this research has been defrayed 
from the Scientific Research Encouragement 
Grant from the Ministry of Education. 


Institute of Science and Technology, 
Tokyo University, Tokyo 


On the Mechanism of the Reduction Process of' the Hydrogen Ion 
at the Dropping Mercury Electrode. II. Experimental Part 
— The Limiting Current of the Hydrogen Wave 


By Reita TAMAMUSHI® 


(Rec2ived June 17, 1952) 


In the theoretical part of this work®) the 
formulas for the current-voltage curve of the 
reduction wave of the hydrogen ion have been 
studied from the standpoiht of the chemical 
kinetics and the theoretical considerations on 
the properties of the reduction wave have been 
presented. In this paper the experimental 


(1) Present address: Chemistry Department, Faculty 
of Science, Ochanomizu Women’s University, Tokyo. 
(2) R. Tamamushi, This Bulletin, 25, 287 (1952). 


results and the discussion on the limiting cur- 
rent of the hydrogen ion are set down.) 


Experimental 


Apparatus:—A Heyroysky-Shikata type photo- 
recording polarograph and a manually operating 








(3) Recently, the discussion on the hydrogen wave 
was reported by J. Kita in the Proceedings of the I. 
International Polarographic Congress in Prague, Part I, 
p- 852 (1951). 
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polarograph similar to that used by J. J. Lingane 
and I. M. Kolthoff® were used. An over-damped 
galvanometer was used to measure the polarogra- 
phic current. 

A specially designed all-glass polarographic cell 
as shown in Fig. 1 was used throughout this study 
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Fig. 1—All-glass polarographic cell assembly: 
A: anode; B: h-type sat. KCl-agar-bridge; 
C, polarographic cell; R: reference electrode 
(N. C. E.). 


to avoid the contamination from the rubber con- 
nection, The anode was a large area mercury pool 
connected with the cell-solution by the saturated 
KC! solution and a h-type sat. KCl-agar-bridge. 
‘The reference electrode for the measurement of 
the electrode potential of the D.M.E. was a normal 
calomel electrode connected with the cell-solution 
by In KCl solution and a h-type sat. KCl-agar- 
bridge. The part be of a h-type bridge was filled 
with a sat. KCl-agar and the cell-solution was 
sucked into the side-tube abcd to make a junc- 
tion at point b. By this method the effect of the 
‘high concentration of KCl in agar on the cell- 
solution can be reduced to a great extent. The 
liquid junction potential may be greatly reduced 
.by the use of saturated KCl. 

The capillary constant, m?/* t'/6, of the dropping 
mercury electrode, which was used throughout the 
present experiment, was 1.028 mg.?/*sec.~'/? at the 
height of the mercury reservior of 53cm, This 
value was determined in 0.1N KCl solution open 
to air without the applied potential. 

The dissolved oxygen was removed from the 
cell-solution by bubbling pure hydrogen gas ob- 
tained by the electrolysis of a NaOH solution for 
about 40 minutes. 

A water or a liquid-paraffin thermostat main- 


(4) J.J. Lingane and I. M. Kolthoff, J. Am. Chem. 
Soc., 61, 825 (1939). 
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tained at 25.0° was used throughout the experi- 
ments except when the effect of the temperature 
on the reduction wave of the hydrogen ion was 
examined. 

Materials:—The pure mercury, which was distil- 
led under vacuum after washing several times 
with dil. HNO, solution and dist. water, was used 
for the dropping mercury electrode. As a suppori- 
ing electrolyte 0.1nN KCl solution was used in 
the present study. The potassium chloride used 
was recrystallized from dist. water. Reagent grade 
HC! and Fixanal HCl were used to make a stock 
solution, the composition of which is 0.1N KCl- 
0.01N HCl. No maximum suppressor was used. 
The concentration of HC] in the original solution 
was determined by the acid-base titration. 


Experimental Results 


A typical polarogram with a well-defined 
limiting current was obtained with the dil. 
solution of HCl in 0.1~x KCl solution, which 
is due to the deposition of the hydrogen ion 
of HCl. The various properties of the limiting 
current, I;, of the hydrogen ion, —i. e., the 
relation between I; and the concentration of 
the hydrogen ion, [Ca*]°, in the bulk of the 
solution, the relation between I, and the height 
of the mercury reservoir, p, the temperature 
coefficient of I;, etc.—were studied in this 
medium. : 

The Relation between [, and [Cz*}°.— 


This relation is represented by a straight line 
as shown in Fig. 2 over the concentration range 


4 1 1 

(Gy, mmolej 

Fig. 2.—The relation between J, and 
[Cat]? at 25°C, 


of the hydrogen ion from 0.039 to 1.95 milli- 
mole per liter. It is obvious that the relation 
between I; and [Cz*]° is represented as follows: 


I, = a[Ca*]° (1) 
a=6.04 microamp./millimole/1. 
The value of a is calculated from the experi- 
mental data with the least square method. 


The Temperature Coefficient of I,.—The 
effect of the temperature of the cell-solution 
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Table 1 
Temperature Coefficient of J. 


aJ,/dr, microamp./°C. (/h@h/dr), %  adlogt,/dr, % 


Temp. rt, °C, I;, microamp. 
[Ca*]°=0.78 millimo!e/l. 

5 3.74 

15 4.46 

5.03 

35 5.44 

45 5.72 


1.01 
0.61 
0.43 
0.24 
0.17 


2.32 
1.37 
1.05 
0.58 
0.42 


0.0866 
0.0612 
0.0526 
0.0316 
0.0240 


(Cu*}°=1.95 millimole/l. 
5 9.25 

15 10.6 

25 11.7 


0.15 
0.12 
0.11 


on the limiting current was studied over the 
temperature range of 0 to 50°, the results of 
which are shown in Table 1 and Fig. 3. In 
Table 1, the term [dlogI,/dr] represents a 
tangent of the relation between logI, and the 
temperature, T, at any temperature, and this 
is called as the “relative temperature coeffi- 
cient”, while the term dJI,/dr represents the 
“absolute temperature coefficient ”. 


th, w#amp. 


oR 
a 
— 
= 
3 
> 


t, °C, 
Fig. 3.—The effect of temperature on J;: a, 
tT, vs. t; b, log vs. r. (Cx*+]°=0.78m. 
mole/1. 


The Relation between I, and p.—In order 
to examine whether the limiting current of the 
hydrogen ion under the present condition is 
controlled only by the diffusion process or not, 
the experiment on the relation between I; and 

was carried out. As shown in Fig. 4, the 
telation between I; and ,/ p is linear and re- 
presented by the following equation: 


I,=0.76 ./ p +2.0 (microamp.) (2) 


The value of p is corrected with the back 
pressure, p,, which is calculated by the follow- 
ing relation: © 


7.73 X 100 3.1 


P= mi/3 pus = m3 gus (em.) (8) 


o=400 dyne cm. 


(5) I. M. Kolthoff and J. J. Lingane, Polarography”, 
gfeanetence Pub. Inc., New York, N. Y., 1946, p. 67. 


0.68 
0.52 
0.44 


1.62 
1.13 
0.94 


vp. cm 
_ Fig. 4.—The relation between J; and ,’7: 
O, data obtained by the manual apparatus; 
x, data obtained by the Heyrovsky-Shikata 
type polarograph. 


where o is the surface tension of mercury in 
the electrolyte solution, m the weight of mer- 
cury in mg. flowing from the capillary per 
second, and ¢ the drop-time of one drop in 
second. If the experimental value, m?/3 #/5= 
1.50, is used, » is equal to 2.lcm. It is 
apparent from Eq. (3) that p, is independent 
of p, because m/* ¢/5 is independent of p. It 
is to be noted here that, when the value of p 
is changed from about 40 cm. to about 80 cm., 
the term ¢Xp is kept nearly constant as shown 
in Table 2. 


Table 2 
t, sec. 
2.98 
3.40 
4.06 
4.56 
5.54 


pxt 
238 
238 
250 
236 
240 


Pp, cm. 


80.1 
70.2 
61.6 
51.9 
43.4 


The Relation between the Diffusion- 
current Constant and ¢.—If we assume that 
the limiting current of the hydrogen ion is 





26 


equal to the diffusion current, I, it is possible 
to obtain the relation between the diffusion- 
current constant, I[,4/m?/*t®, and ¢ from the 
experiment which was carried out to investigate 
the relation, I, vs. ./ ? The value of m at 
each drop-time, ¢, can be calculated by assum- 
ing the following equation: 


m = const. x p (4) 


The value of the constant in Eq. (4) was ob- 
tained by inserting the experimental data, m= 
0.708 mg./sec. at p=52.0cem., into this equa- 
tion. 

The result obtained is shown in Fig. 5. It 
cen be said that the diffusion-current constant 
is not independent of ¢, but it increases almost 
linearly with the increase of ¢ over the range 
of ¢ from 3 to 6 seconds. The diffusion-cur- 
rent constant also is not independent of the 
term, m~1/5 #1/6, as shown in Fig. 6. 


+ 

E 
2 @ 
z 
eB 
§ 
a 


t, See 


Fig. 5.--The relation Letween the diffusion 
current constant and ¢. 


au o8BOw Kk OB eB CUP 
m*t%, mg sect 


Fig. 6.—The relation between the diffusion 
current constant and m~'/* t'/®, 
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Discussion 


There are several kinds of limiting currents 
in polarography, i. e., the diffusion current, 
the kinetic current, the adsorption current” 
and the combination of these currents. The 
diffusion current, I,, is represented as follows 
according to Ilkovic equation (6) or revised 
Ilkovic equation (7): 


Tg S605 nCDV2m3/34V/6 (6) 


7 1/247/6 
Ta=605 nCDY?m? *t “(14 a) ( 


mi” 


where 2 is the number of the electrons which 
participate in the redox reaction, C the concen- 

tration of the oxidant or the reductant in milli- 

mole per liter, D the diffusion coefficient of 
the corresponding substance in the medium 
under investigation in cm.? per second, m the 
weight of mercury flowing from the D. M. E. 

per second in mg., and ¢ the drop-time in 

second. In Eq. (7) A is a constant and equal 
to 39 or 17 according to Lingane-Loveridge 
and Kambara-Tachi or Strehlov-Stackelberg, , 
respectively. 

It is well known that the kinetic current is 
independent of the height of the mercury 
reservior, p,©) and the diffusion current is 
proportional to the square root of p as readily 
shown from the Ilkovic equation. Revised 
Ilkovic equation (7) requires that the relation 
between I; and p is represented as follows: 


[,=9,+4wW/ p (8) 


where ay and a, are constants. This relation 
is quite the same as Eq. (2) obtained from 
the experiment. 

By means of Eq. (7) the constant term, cy, 
in Eq. (8) can be written as follows: 


a, = 605 nADCm *t3.3 


If we use the following numerical values ob- 
tained under the present experimental condi- 
tions, 


m =0.708 mg./sec., t=4.56 sec. 
Dat =8.0 x 10~em.?/sec., C=1.30 millimole/1. 


(6) R. Brdicka and K. Wiesner, Collection Czechoslov. 
Chem. Communs., 12, 138 (1917); J. Koutecky and R. 
Brdicka, ibid., 12, 337 (1947). 

(7) RB. Brdicka, Collection Czechoslov. Chem. Communs., 
12, 622 (1947). 

(8) J. J. Lingane and B. A. Loveridge, J. Am. Chem. 
Soe., 72, 438 (1950); H. Strehlov and M. v. Stackelberg, Z. 
Elektrochem., 54, 51 (195%); T. Kambara, M. Suzuki and 
I. Tachi, This Bulletin, 23, 219 (1950); T. Kambara and 
I. Tachi, ibid., 23, 225 (1950). 
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the constant, ap, is equal to 3.6 microamp. or 
1.6 microamp. according to A=39 or A=17, 
respectively. In this calculation it is assumed 
that » equals one. The value of Da*—the 
diffusion coefficient of the hydrogen ion in 
0.1~ KCl solution—will be discussed later. The 
experimental value, a@,=2.0 microamp., is in 
fairly good agreement with the theoretical 
value mentioned above. 

Furthermore, the experimental result, that 
the diffusion-current constant is not indepen- 
dent of ¢ or m~/5 #/® as shown in Figs. 5 and 
6, suggests that it is more appropriate to use 
Eq. (7) for the diffusion current of the hydro- 
gen ion rather than Eq. (6). From the slope 
of the relation between the diffusion-current 
constant and the term, »~'/* ¢'/®, we can obtain 
the value of A in Eq. (7). If the value of 
8.0 107° em.?/sec. is used for Da* in 0.1N 
KCl solution, A is calculated to be equal to 
about 35, and this value is quite reasonable. 

From these results it seems probable to 
consider that the limiting current of the hydro- 
gen ion in 0.1N KCl solution is the diffusion 
current which is represented by Eq. (7). 

This conclusion is also confirmed by the 
temperature coefficient of I[,. If the limiting 
current of the hydrogen ion is controlled by 
some other processes different from the diffu- 
sion proces’, e. g., if I; is equal to the kinetic 
current, the temperature coefficient of I, will 
be much larger than those in Table 1. When 
it is assumed that the temperature coefticient of 
the diffusion coefficient is obtained from that 
of the limiting ionic conductance, °, by 
means of the Nernst equation, the temperature 
coefficient of the diffusion current can be cal- 
culated as follows from the Ilkovic equation: ® 


1 del @® 
A° dT J208° 

(9) 
According to B. B. Owen and F. H. Sweeton,@» 
the temperature coefficient of A° of the hydro- 
gen ion at 25° is equal to 0.015, so we can 
obtain from Eq. (9) the temperature coefficient 
of I, of the hydrogen ion as follows: 


ee ee 0053+ [ 
we a oe =" a 2 


f1 dat 


[th ar ea 00018- (10) 
ad 


The result obtained from Eq. (7) differs from 


(9) I. M. Kolthoff and J.J Lingane, «‘Polarography”, 
Interscience Pub. Inc., New York, N. Y., 1946 p. 74. 

(10) In this case, the temperature coefticient means the 
value which is obtained by dividing the slope of the 
relation between J: and ¢ at 25°, (dl;/dT)apq, by I: at 
25° (Table 1, column 4). 

(11) B. B. Owen and F. H. Sweeton, J. Am. Chem. Soc., 
63, 2811 (1941). 


that of the Ilkovic equation only by the ad- 
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ditional correction term, 


d log (1+ AD ?m—"/*t"/8) 
aT 
_ A i VG fi ( 1 an? 
~1+ADV2m-V9U8 (2\ n° AP 
_ 1 dt _ 1 dm) 
T 6¢ dT 38m aT J 
rA° aT 





ot 


i 1+ADV2m-V516 | 2 


a ) 1_ dm) 
T} 3m aT?’ 


. 2. hii 
where 4 at is neglected. By considering 
) 


this correction term the temperature coefficient 
of Ig at 25° becomes to be 0.015, when A=39 
[1 dm}j 
and ‘ya > 
Lm al’ 208 
These results derived from Eqs. (7) and (6) 
are in comparatively good agreement with the 
experimental value, about 0.010, at 25°. 
Under these circumstances, if we use Eq. (1) 
and Eq. (6) or (7), the values of 2 in Eqs. (6) 
and (7) are obtained as follows: 


== 0.0087 are used. 


n=1.09 (The Ilkovic equation) 
n=0.72 (The revised equation, A=39) 
n=0.89 (Tht revised equation, A=17). 


In the calculation of » the diffusion coefficient 
of the hydrogen ion in 0.1Nn KCl solution was 
assumed to be equal to 8.0x10~° cm.?/see. 
These results prove the assumption that 7 is 
equal to one in the reduction process of the 
hydrogen ion at the D. M. E. 

Inversely, if we assume that n is equal to 
one, the polarographic diffusion coefficient of 
the hydrogen ion in 0.1N KCl solution can be 
calculated by Eq. (6) or (7), i. e., 


Dat =9.5x 10~ cm.?/sec. (Eq. (6)) 
Dat =4.8x10-5 % (Kg. (7), A4=39) 
Da*=6.6x107 7” (Eq. (7), A=17). 


To calculate the value of Da* from Eq. (7), 
the following relation was used: 


pire tbat tba 
2a, 

ay=Ia/C 

a, = 605 Am?/%¢1 3 


A, = 605 m?/341/6, 
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The diffusion coefficient of the hydrogen ion, 
Dut, in 0.1N KCl solution, which was em- 
ployed in the above calculations concerning 
the limiting current, was computed by the 
Onsager’s limiting law for the diffusion 
coefficient. As the concentration of the 
diffusing ion is generally very small in 
comparision with that of the supporting 
electrolyte whose composition is sensibly 
constant in the polarographic measurements, 
the diffusion coefficient of the hydrogen ion 
under the present condition can be represented 
as follows according to this law: 


_ A°a* RT Aon* | Za" | vE 


Dut x 1077 — 


~ |Z" | F? 3D 


—9 4n - . , 
x 30 + ee (1 V dwn WI 


aon’) =( 12a ) 

|\ZK* |+|Zer7| 
( | 4x" APR’ a 
* |Za* |rAow*+)ZK* Aout 
~ | Zor | Aer ) 
© | Za* |e + | Zar | Aou* 

1=Ca* Z?0* +-Cx* 2? xt +Co- Zeey- 
= Cx* Z*x* +Car~Z*ei- 


where X° is the ionic conductance of the cor- 
responding ion, Z the valency, C the concen- 
tration in mole per liter, R the gas constant 
per mole, 7' the absolute temperature, F’ the 
Faraday constant, D the dielectric c astant, v 
the velocity of light, and & the electric charge. 
In the present calculation the following 
numerical values were used. 


row* =349.8, A°K*=78.52, A°C~ =76.384 
Bat=Zn* =Zey-=1, Cet =Co,- =01 
R=8.3814x10’, T=298, F=96500 
D=78.55, v=3.0x10", &=4.80x 107, 


Although the agreement between the theoreti- 
«al predictions of the Onsager’s limiting law 
and the experimental results is not exact and 
is only reasonably satisfactory as stated by L. 
J. Gosting and H. S. Harned,@ it seems to 
be more appropriate fo use this limiting law 
rather than the Nernst equation for the dif- 


(12) Louis J. Gosting and Herbert S. Harned, J. Am. 
Chem. Soc., 73, 169 (1951). 
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fusion coefficient of the individual ion in the 
polarographic study. A systematic investiga- 
tion may be necessary to answer the question: 
“By which theoretical relation can the dif- 
fusion coefficient under the condition of the 
polarographic study be most adequately com- 
puted ?” 

According to the discussion carried out in the 
present paper, it can be concluded that the 
limiting current of the hydrogen ion in the 
system of dil. HCl in 0.1nN KCl solution is con- 
trolled by the diffusion process of the hydro- 
gen ion and it is represented by the revised 
Ilkovic equation. Under these conditions we 
can apply the theoretical results on the cur- 
rent-voltage curve obtained in the theoretical 
part®) of the present study to the actual 
hydrogen wave, because each mechanism, which 
‘was assumed for the reduction process of the 
hydrogen ion in the theoretical part, requires 
the limiting current controlled by the diffusion 
process. 


Summary 


The properties of the limiting current of the 
reduction wave of the hydrogen ion were stud- 
ied in the system of dil. HCl in 0.lnN KCl 
solution. 

The relution between the limiting current 
and the concentration of the hydrogen ion in 
the bulk of the solution was linear, and the 
experimental relation between the limiting cur- 
rent and the height of the mercury reservior 
was interpreted by the revised Ilkovic equation. 

It was shown that the temperature coefficient 
of the limiting current is nearly equal to 1.0 
% at 25° which is in agreement with the 
theoretical value computed from the revised 
Ilkovic equation. 

From these results it was concluded that the 
limiting current of the hydrogen ion obtained 
under the present condition is controlled by 
the diffusion process of the hydrogen ion. 


The author expresses his best thanks to Prof. 
San-ichro Mizushima and Assist. Prof. Nobuyuki 
Tanaka for their great encouragement and val- 
uable suggestions in this study. The cost of 
this research has been defrayed from the Scien- 
tific Research Encouragement Grant from the 
Ministry of Education. 
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Introduction 


Wolf and Weghofer™ have found that there 
is an additivity in molar heats of sublimation 
among benzene, naphthalene and anthracene. 
In the previous investigation,®) one of the 
present authors (H. I.) also has found the 
similar additivity among the condensed poly- 
nuclear aromatic compounds of the higher 
molecular weights. In this previous work, 
however, the experimental method used was 
not a legitimate one and the number of 
compounds investigated was also restricted. 
In the present investigation, the orthodox 


molecular effusion method following Knudsen®) 
for measurement of vapour pressure was applied 
to the extended number of hydrocarbons. 


Materials 


Anthracene was purified from commercial 
product through anthraquinone and anthrone. 
Recrystallized from toluene and ethyl alcohol 
solution. This product, denoted as anthracene 
I, is white crystal with deep violet coloured 
fluorescence. Anthracene I was sublimed in 
vacuum, and obtained a product made of white 
crystals showing feeble fluorescence. This is denoted 
as anthracene II (m. p. 219°C.). 

Phenanthrene was purified from commercial 
product by chromatography, recrystallized from 
ethyl alcohol solution. The product with blue 
coloured fluorescence was sublimed in vacuum. 

Pyrene was synthesized from biphenyl-2, 2'- 
diacetaldehyde following Weitzenbéck,™ recrystal- 
lized from ethyl alcohol solution, and repeatedly 
sublimed in vacuum. The product shows slightly 
green coloured fluorescence (m. p. 151°C.). 

Naphthacene was synthesized from a@-naphthol 
and phthalic anhydride following Deichler and 
Weizmann, recrystallized from glacial acetic 
acid solution and benzene solution, then repeatedly 
sublimed in vacuum (m. p. 340°C,), 


Q) K. L. Wolf and H. Weghofer, Z. physik. Chem., B 
39, 194 (1938). 

(2) H. Inokuchi, J. Chem. Soc. Japan, 72, 552 (19651). 

(3). M.Knudsen, Ann. d. Physik, 28. 999 (1909); M. 
Volmer, Z. phusik, Chem., Bodenste’n-Festband, 863 (1931). 

(4) R. Weitzenbick, Monat. f. Chem., 34, 193 (1913). 

(5) C. Deichler and C. Weizmann, Ber., 36, 547 (1903). 


Perylene was synthesized from naphthalene 
following Scholl,“ recrystallized from benzene 
solution and glacial acetic acid solution, then 
repeatedly sublimed in vacuum. Yellow crystals 
with green coloured fluorescence (m, p. 261°C.), 

Anthanthrene was obtained by reducing anthan- 
throne with zinc powder in fused mixture of 
sodium chloride and zine chloride, recrystallized 
from benzene solution, and repeatedly sublimed 
in vacuum. Brownish yellow coloured (m, p, 257.5 
~258°C,). 

Meso-naphthodianthrene was obtained by 
reducing meso-naphthodianthrone which was 
synthesized from anthrone, recrystallized irom 
benzene solution, and repeatedly sublimed in 
vacuum. Deep green coloured. 

Pyranthrene was obtained by reducing com- 
mercial pyranthrone, recrystallized from nitro- 
benzene solution and sublimed in yacuum. 

Owvalene was synthesized from meso-naphtho- 
dianthrene following Clar,™ repeatedly sublimed 
in vacuum. Reddish orange coloured. 

Violanthrene was obtained by reducing com- 
mercial violanthrone, repeated’y sublimed in 
vacuum. Deep red coloured. 

All these materials are the same samples as 
used for the elecirical conductivity measurements“ 
as well as the magneiic susceptibility measure- 
ments carried on in our laboratory, 


Experimental Procedure 


The apparatus for measuring vapour pressure 
by the molecular effusion method is illustrated 
in Fig. 1. A small vessel, sample container, made 
of pyrex glass is hanging from a quartz spring 
balance in an eyacuaied glass tube. The cap of 
the sample container is made of thin-wall pyrex 
glass. There is a small hole in the cap through 
which vapours flow to the evacuated outside by 
the molecular effusion, 

The vapour pressure p can be determined by 
the well known following relation 


p=(W/st)2nRT/M)'2 a), 


where M is the molecular weight, 7’ is the absolute 
temperature, F# is the gas constant, s is the 


(6) KR. Scholl, Ber., 43, 2202 (1910). 
(7) +E. Clar and H. Frémmel, Ber., 82, 46 (1949). 
(8) H. Inokuchi, This Bulletin, 24, 222 (1951). 
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Sample container (0.437g,) 
Quartz spring balance 


Quartz rod 
Electric oven 


Sample container 


Thermojunction 
—=—» Hickman diffusion pump 


Charcoal trap 


Fig. 1——The apparatus for measuring 
the vapour pressure by effusion 
method, 


area of the hole, and W is the mass which 
escapes by the effusion in time ¢. The cross 
sectional area of the hole, s, was determined by 
the microscope. Two kinds of hole were used, 
one is 0.0956 mm.? and the other 0.2276 mm.? in 
area. 

The time ¢ was measured for a constant decrease 
in mass, WW, of the sample. The sensitivity of 
the spring balance was that one mg. in weight 
change corresponds to 0.433 mm. in elongation 
change, and the latter can be determined to 0.001 
mm. by a microcomparator which was used as 
cathetometer. The temperature was controlled 
by supplying a stationary current to the electric 
oven; the constancy could be maintained within 
+ 0.5°C, for each temperature. 


Results 


A good linear relationship was found between 
the logarithm of vapour pressure and the 
reciprocal of temperature for each compound. 
This is illustrated in Fig. 2 for anthracene. 

From the empirical equation of 


log p=A—B/T (2) 


the heats of sublimation as well as the entropies 


of sublimation under one atmosphere are 
calculated by Clausius-Clapeyron’s relation ; 
4H = 2.303-R-B and JS° = 2.3038- R-(A— 
2.8808). 

The molar heat of sublimation (72H) was 
estimated as 22.0) kcal. for umthracene I and 
22.1 keal. for anthracene II. From _ these 
values, the inner heats of sublimation (JU= 
4H—RT) were determined as 21.3 keal. and 
21.4 kcal. respectively. The heat of sublima- 
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= 


log p (p in wg) 
4 : 


26.0 
F*l0* 
Fig. 2—The logarithm of vapour pressure 
plotted against to the reciprocal temperature 
for anthracene. 


tion of anthracene has been obtained by several 
investigators ; 20.0 keal. by Mortimer and 
Murphy, 22.3 keal. by Wolf and Weghofer,® 
22.8 keal. by Nitta, Seki and Momotani) 
and 22.3 keal. by Magnus, Hartmann and 
Becker.2) Of these values, Mortimer’s result 
seems too small, and the others are in good 
agreement with our result. 

The experimental results are summarized in 
Table 1. 

In the second column of Table 1 the number 
of carbon atums in each molecule are shown, 
and in the last column the values of inner 
heat of sublimation being assigned to one 
carbon atom are shown. It must be emphasized 
that the last values are nearly constant to 
each other. This is well illustrated in Fig. 3, 
where the inner heats of sublimation are 
plotted against the number of carbon atoms 
in each molecule. From the linearity of Fig. 
8, the value of inner heat of sublimation 
assigned to one carbon atom is estimated as 
1.51 keal./mole. This is nothing but showing 
that there is an additivity in the heats of 
sublimation among the present series of com- 
pounds. (2) 


() ¥F. 8S. Mortimer and R. V. Murphy, Ind. Eng. Chem., 
15, 1140 (1923). 

(10) I. Nitta, 8. Seki and M. Momotani, J. Chem. Soc. 
Japan, 71, 430 (1950). 

(11) A. Magnus, H. Hartmann and F. Becker, Z. physik. 
Chem., 197, 75 (1951). 

(12) Recently, Magnus et al.(11) have derived the heats 
of sublimation of some similar compounds from the 
integral heats of solution in xylene. In their results, 
five kinds of isomers of C,,Hy¢ are included. The heats 
of sublimation of these compounds have been found to 
vary from 25.4 kcal. of 3,4-benzophenanthrene to 29.7 
keal. of naphthacene. This last value is slightly larger 
than our result. Neverthless, the average value of five 
compounds is 27.1 kcal. and the assigned value to one 
carbon atom is about 1.61 kcal./mole. 
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Heats of Sublimation of Condensed Polynuclear Aromatic Hydrocarbons 


Table 1 






Heats of Sublimation of Condensed Polynuclear Aromatic Hydrocarbons 


Number Mean exp. 


Substance of C-atoms temperature 
(n) (C°.) A 

Benzene* 6 

Naphthalene* 10 

Anthracene I 14 92 11.420 
Anthracene II 14 21 11.611 
Phenanthrene 14 42 12.780 
Pyrene 16 79 12.903 
Naphthacene 18 186 11.485 
Perylene 20 142 14.350 
Anthanthrene 22 206 12.889 
Coronene** 24 134 

SO- - 

— L 2 332 13.789 
Pyranthrene 30 322 14.825 
Ovalene 32 327 15.757 
Violanthrene 34 317 17.532 






log p= A—B/T 
(p in mm. Hg) 


Entropy of . 
sublimation 4U/n 


Inner heat 
of sublimation 
(4U in keal.) (4S° incal./deg.) kcal. 


B-10-* 
9.2 1.53 
15.3 1.53 
4.79; 21.3 + 0.5 39.1 1.52 
4.82 21.4 + 0.3 40.0 1.53 
4.74 21.1 + 0.3 45.3 1.51 
5.23 23.3 + 0.4 45.9 1.46 
6.13 27.1 + 0.7 39.4 1.51 
6.77 30.2 + 0.5 52.5 1.51 
7.06 31.3 + 1.2 45.8 1.42 
35.5 1.48 
9.43 42.0 + 1.2 49.9 1.50 
10.15 45.3 + 1.6 54.7 1.51 
11.04 49.4 4 1.9 58.9 1.54 
11.68 62.3 + 2.1 67.0 1.54 


* Wolf and Weghofer’s data‘ ** Previous work’s data@ 


Table 






» 


Heats of Sublimation of Anthraquinone, Benzanthrone and Anthanthrone 


Number of 


rf Mean exp. 

+ 7 —_ 

Substance C-atome O-stome temperature 
(C. ) A 


(”,) (”,) 
Anthraquinone 14 
Benzanthrone 17 
Anthanthrone 22 


103 12.457 
125 13.432 
219 13.684 


™ ts 





40 


Inner heat of sublimation (kcal/mole) 
.°) 


10 


2 6 10 ii 6 2 62 8 & 
Number of carbon atoms 
Fig. 3.—Inner heats of sublimation in kcal./ 
mole plotted against number of carbon 
atoms in a molecule, 


It is not unnatural to find such an additivity 
law, since the crystals of these compounds are 
made of typical molecular lattice, and the 
intermolecular forces will be purely based on 


log p=A—B/T 
(p in mm. Hg) 








Inner heat Entropy of 
of sublimation sublimation 4U/(”--+7,) 


—Bx 10-3 (4U in keal.) (48° in cal./deg.) (keal.) 


5.47; 24.2 + 0.5 43.8 1.51 
6.03 26.8 + 0.5 48.3 1.49 
7.95 35.4 + 1.2 49.4 1.48 












the dispersion effect. 

In the case of compounds with quinonoid 
structure instead of hydrocarbons, it was found 
that some polymerization occurs in a part of 
specimen during the course of sublimation at 
higher temperature, and the polymerization 
product covers the surface of specimen. This 
made the accurate measurement of vapour 
pressure difficult and the number of reliable 
results was restricted. In Table 2 the results 
are shown for anthraquinone, benzanthrone 
and anthanthrone. In this case too a rough 
additivity law seems to be found. The con- 
tribution of oxygen atom to the heat of 
sublimation is nearly the same as that of 
carbon atom. 

Recently much attention has been directed 
to the condensed polynuclear aromatic com- 
pounds, for their interesting physical properties 
due to the z-electron orbitals as well as the 
components of coal tar. Compounds with 
higher molecular weights have been synthesized 
too. Neverthless, as the molecular weight 
increases, no good solvent can be found for 
these compounds. In consequence, the tech- 
nique of separation or purification is mostly 
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restricted to the sublimation method, instead 
of the usual method through dissolution 
process. The additivity law in heats of subli- 
mation will be useful for the separation and 
identification of these compounds in relation 
to each other. 


Summary 


The heats of sublimation of a series of 
condensed polynuclear aromatic hydrocarbons, 
trom anthracene (Cu) to violanthrene (Css), 


Kiyoteru Orozat, Sanshiro Kume and Shouzow Fe«usima 


LVol. 25, No, 5 


were measured. It has been found that there 
is an additivity in the inner heats of sublima - 
tion among these compounds, i.e. as the 
number of carbon atoms in each molecule 
increases by one, the inner heat of sublimation 
increases by 1.51 keal./mole. 


The authors thank the Ministry of Educa- 
tion for the Grant in Aid for Fundamental 
Scientific Research. 


Department of Chemistry, Faculty of 
Science, Tokyo University, Tokyo 


Closure, Resonance, Bond and Activation Entropy 


By Kiyoteru OrozAl, Sanshiro KCOME and Shouzow FUKUSHIMA 


(Received December 20, 1951) 


Introduction 


According to Sackur-Lewis™ the molecular 
entropy of the monoatomic gas molecule is 
given theoretically by the equation: 

2.68, 


(1) 


S=5/2-Rin T—R In P+-3/2-R In M 


where # is universal gas constant, and M is 
molecular weight. At the state of 208.2°K 
and 1 atm. eq. (1) becomes 


S° =26+43/2-RInM, (2) 


where S° is molecular entropy at 298.2°K and 
1 atm. As to diatomic molecule Eastman,® 
for example, has given the empirical rule: 


S°=2948/2-RIn(X¥)+0.7 nM. (3) 


Because of difficulty of expressing the mole- 
cular entropy of polyatomic gas molecule by 
means Of a simple equation, the empirical 
treatment of this entropy has been performed 
chiefly from the standpoint of atomic group 
regularity. Parks-Huffman™ have, for example, 
systematized the entropy change assigned to 
the displacement of atomic groups, and Brem- 


(1) O, Sackur, Aan. Phys., 36, 968 (1911); G. N. Lewis, 
Phys, Rev,, 18, 121 (1921). 

(2) E. D. Eastman, J. Am. Chem. Soc., 48, 80 (1923). 

(3) G.S. Parks and H. M. Huffman, «The Free Energy 
of Some Organic Compounds’’, New York, 1982. 

(4) J.G.M. Bremner and G. D. Thomas, Trans, Pura lay 
Soe., 43, 779 (1947). 


ner-Thomas™ have constructed the atomic 
group equation. The empirical rules of simple 
form such as Wenner’s™ 


log S°=A log M+log B (4) 
and Kobozey’s\) 
S°=526+38 In M4+1.45x M™! 


are not so accurate for practical use. 

From the standpoint of chemical bond we 
have constructed a new empirical rule for the 
calculation of molecular entropy of general gas 
molecule, which has suflicient accuracy and 
wide range of application, and have discussed 
the relations of entropy to the molecular 
structure and the frequency factor of chemical! 
reaction quantitatively. 


Empirical Rule 


The empirical rule is expressed by the equation: 


7 m/N4 yy 
$°=2643/2- Rin 1X) +0.7 init ( + ). (i) 
e 


where S° is molecular entropy of ideal gas at 
208.2°K and 1 atm., # is universal gas constant, 
i. e., 1.987 cal-degree~', X is atomic weight, ” 
is number of atoms in the molecule, X+ Y is sum 
of atomic weights of atoms joined with the bond, 
m is total number of bonds in the molecule, and 
tinally @ is a parameter given by the equation: 


(5) BR. P. Wenner, Chem. Eng. Progress, 43, 194 (1949). 
(6) N. I. Kobozev, Zhur. Piz. Khim,, 22, 1002 (1948). 
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15.7 
m 


a-? 





pa a ng : 
+1.9%4+—— +35/4-nyv—f. (7) 


The third term of eq. (6), which has been derived 
from the standpoint of chemical bond, is the 
principal feature of the rule, where m is expressed 
generally with 


m=n—l1, (8) 
but for the compound of ring structure with 
m=n, N+1, ------ ‘ (9) 


In eq. (7) N is bond order, and so N=1 for 
single bond and N=3 for triple bond, but must 
be taken N=1 for double bond and for bond in 
diatomic molecule. B is the degree of branching 
of the bond, which is counted as follows: 


H 
! 
H--C—-H 
d 
H H—-C-—H 


H nbn b H 


e al f | 
H—¢ ¢ c -C—H 
l l ie 
H H HCH oH 
Hl 
(A) 
H 
H—C—Cl H—C=C—H H—Cl 
H 
(B) (C) (D) 


In molecule (A) B=2 for bond a, B=3 for bonds 
b and c, and B=0 for all other bonds d, e, f, etc. 
In molecules (B), (C), and (D), namely in the 
molecules, which are constructed with the central 
atom or central atomic pair joined with multiple 
bond, and surrounding atoms, B=—1 for all 
bonds concerned. In diatomic molecule, there- 
fore, B=—1 always. 

The fifth term of eq. (7) is the correction term 
for the bond involving the seventh group non- 
metallic element, i. e., halogen, where ”y is 
number of halogen atoms joined to the same 
atom, but must be taken as zero in diatomic 
molecule. The sixth term f of eq. (7) is the 
correction term for the bond involving the fifth 
and sixth group non-metallic element, and is 
counted as follows: 

f= (for the single bond joining the central 
atom and the atomic group, when the molecule 
is constructed with the central! 5th or vith group 
atom and surrounding one atomic group and 
several atoms), 

‘=2 (for the single bond between 5th or th 
group atoms each other), 

f=0 (for all other bonds). 

For example, 
f=3 (for C—N of amine, C—O of alcohol, C—S 
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of mercaptane), 
f=2 (for N—N, O—O, S—S, N—O), 
and for diatomic molecule f=0 inevitably. 


Simpler Method of Calculation 


In special cases as below the rule becomes 
simpler. For monoatomic molecule, for example, 
the bond term of eq. (6) disappears, and so the 
rule is reduced to 


S°=2643/2-R ln X, (10) 


which agrees with the equation of Sackur- Lewis. 

For diatomic molecule n=2, m=1, N=1, B= 
—1, n,=0, and f=0, so that the rule becomes 

S° = 264-3/2- R In (XY) +0.7 In (X+ ¥) 

—0.7 x (9-15.741.940.55} 
=2943/2-RIn (XY) +0.7 n(X+ FY), ah 
which agrees with the equation of Eastman. 

For non-branched hydrocarbons involving more 
than two carbon atoms, excluding ethylene and 
acetylene, n=5, B=0, n, =0, and f=0, and so the 
rule becomes 


a m 
S° = 2643/2. R In (X) +0.7 In 7 (X+ Y) 
15 


5.7 ) 
= LON | 
+1 r 


<J 
-—0.7x SB j- 
om 


=37+4+3/2- R In 7 (X) +0.7 In 7 (X+ ¥) 
m 
—0.7x E1.9%. (12) 
Finally for non-branched saturated hydrocarbons 
or non-branched olefines inyolying more than 
two carbon atoms, excluding ethylene, »2=5, B= 
0, Nx=0, f=0, and N=1, and so the rule becomes 
from eq. (L2) 
S°=3743/2-R ln HI (X) +0.7 In 7(.X+ ¥) 
—1.33 m,. (13) 


As a typical example S° of propane (C,H,) is 
calculated 


HoH H 
| ! 
n—¢—d_d_in 
| 


Lk wal 
H H H 


from eq. (13) as follows: 


S° = 3742.98 x3 In 12+-0.7 x {8 In 134-2 In 24} 
—1.33x10 
=374+22.24+18.8—138.3=04.7 @.u.), 


while the observed value of S° is 64.5 e.u. 


Application of Empirical Rule 


In Table 1 the calculated values of molecular 





Kiyoteru Oroza1, Sanshiro Kume and Shouzow Fuxvusnimma 


Table 1 


Application of Empirical Rule 


H 

Cl 

Br 
I 


A 
Cd 


Ca 
K 


Hy 
F, 
Cle 
Br, 
I, 
HC! 
HBr 
HI 
TICl 
TIBr 
Til 
AgCl 
NaCl 
KCl 
H,O 
H,S 
NH, 
PH, 
PCl, 


PBr, 


OH, 
OsH, 
CH;Cl 
CH,Cl 
.CH,Cl 
(CH,)_8 
CH,OH 
0,H,0H 
CH,SH 
C,H,SH 
CH,NH, 
(CH,),NH 
CH,F 
CH,Cl 
CH,Br 


Substance 


(unit e. u.; * exceptions) 


26.0 
36.7 
39.1 
40.6 
30.2 
37.0 
40.2 
41.9 
37.1 
37.0 
31.8 
36.2 

39.3 
36.4 
40.7 
35.4 


Hydrogen atom 
Chlorine atom 
Bromine atom 
Todine atom 
Helium atom 
Argon atom 
Cadmium atom 
Mercury atom 
Calcium atom 
Potassium atom 
Lithium atom 
Phosphorus atom 
Rubidium atom 
Sulphur atom 
Caesium atom 
Sodium atom 

Zinc atom 
Hydrogen 

Fluorine 

Chlorine 

Bromine 

Iodine 

Hydrogen chloride 
Hydrogen bromide 
Hydrogen iodide 
Talium chloride 
Talium bromide 
Talium iodide 
Silver chloride 
Sodium chloride 
Potassium chloride 
Water 

Hydrogen sulphide 
Ammonia 45.3 
Phosphine 49.3 
Phosphorus trichloride74.8 


Phosphorus 
tribromide 


Methane 
Ethane 
Ethy! chloride 


le 


r= 
a2 <) 
“Iw = ot CI 


uy Al 
os 


6L.9 
42.2 
45.2 
47.0 
59.3 
61.9 
63.5 
57.3 
51.9 
53.5 
44.4 
47.4 


83.2 
44.9 
55.5 
66.1 
1, 2-dichloroethane 


Dimethyl! sulphide 
Methanol 

Ethanol 

Methyl mercaptane 
Ethyl mercaptane 
Methy! amine 
Dimethyl amine 
Methy! fluoride 
Methyl! chloride 
Methy!] bromide 


S°caic. S°obs. 


25.7 
36.9 
38.8 
40.2 
29.2 
36.4 
40.0 
41.5 
36.7 
36.6 
31.5 
36.0 
39.0 
36.0 
40.3 
35.1 
38.2 
31.2 
48.6 
53.3 
59.1 
61.8 
43.3 
47.0 
47.5 
59.1 
61.7 
63.6 


56.0 
58.7 


0.4 
0.6 
0.2 


—1.4 


—0.7 

0.1 
—0.1 
—0.2 
—0.5 

0.1 
—0.4 

0.1 
—0.6 
—0.3 


Substance 


Se, 
Methyl] iodide 
Dichloromethane 
Dibromothethane 
Chloroform 
Bromoform 


C H Br, 
3 Phosphorus 
PC); pentachloride 


CH,CHO <Acetaldehyde 
CH,0CH, Dimethyl] ether 
CH,CN Methyl cyanide 
(CH;).8, 2, 3-Dithiabutane 
NH, Hydrazine 


CH;slI 
CH,Cl, 
CHgBr, 
CHCl, 


CH,NHNH, Methy] hydrazine 


C,Hs 
n-CsAyo 
n-CsHyg 
n=OgHys 
n-CrH4¢ 
neCeHys 
n=CyHao 
n-Cyoll ge 
W-CyHoy 
n=-Cy2H 96 


Propane 
n-Butane 
n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Undecane 
n-Dodecane 
n-Tridecane 
n-Tecradecane 
n-Pentadecane 
n-Hexadecane 
n-Heptadecane 
n-Octadecane 
n-Nonadecane 
n-Eicosane 
2-Methyl propane 
(Isobutane 
2-Methyl butane 
(Isopéntane) 


n-CygHas 
1=CisH x9 
n-Cy5Hy2 
H-CygHss 
n-Cy7Hag 
nC gH ag 
n=CygH aq 


a” -CapH 49 


CyH yo 


CsH yg 


2, 2-Dimethyl pro- 


CC, 


Si (CH,), 
CoHys 2-Methyl pentane 


3-Methyl pentane 


2,2-Dimethy] butane 
2,3-Dimethy] butane 


2-Methyl hexane 

3-Methyl hexane 

3-Ethyl pentane 

2, 2-Dimethyl 
pentane 

2, 3-Dimethyl 
pentane 

2, 4-Dimethyl 
pentane 

3, 3-Dimethyl] 
pentane 

2, 2, 3-Trimethyl 
butane 

2-Methyl heptane 

3-Methyl heptane 

4-Methy] heptane 

3-Ethyl hexane 


pane (Neopentane) 
Silicon tetramethyl 
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S°calc. 
60.2 60.9 
64.4 64. 
70.1 70.8 
ys ae 
$0.1 79. 
84.9 84.3 
63.8 63.: 
65.0 65.6 
59.5 58.: 
80.9 80. 
57.4 57. 
66.6 66.6 
64.7 64.: 
73.8 74. 
83.0 83. 
92.2 92.8 
101.4 101.6 

110-6 110.! 
119.8 120. 
129.0 129.2 
138.2 138. 
147.4 147.6 
156.6 156. 
165.8 165. 
175.0 175. 
184.2 184.é 
193.4 193. 

202.6 202. 

211.8 211.8 


221.0 221. 


72.0 
81.4 


76.0 


80.4 
90.6 
90.6 
85.2 
89.0 
99.8 
99.8 
99.8 


94.4 93.6 


98.2 99. 


98.2 94. 


94.4 95.5 


92.8 
109.0 108.8 
109.0 110.3 


109.0 108.4 
109.0 109.5 


92.5 


S°obs. 


oe oe oe ~~ or a oe 
el ee ee 


is te tw C 
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Substance S° calc. S°obs. 4 
2, 2-Dimethyl . = 
CsHys th a 101.6 103.1 —1.5 
2, 3-Dimethyl = . - 
Y ” 
hexane 105.4 106.1 0.7 
2, 4-Dimethyl . os 
7 ’ : _ 
hexane 105.4 106.5 1.1 
2, 5-Dimethyl - - 
” ’ c 
hexane 105.4 104.9 0.5 
3, 3-Dimethyl . 
” aie 
” homens 101.6 104.7 3.1* 
3, 4-Dimethyl] A 
vA ’ : 
hexane 105.4 104.3 1.1 
2-Methyl-3-ethy] i oa aaa 
” 
pentane 105.+ 105.4 0 
3-Methyl-3-ethyl » Ine = 
Y 3 =wkif 
pentane 101.6 103.5 1.9 
2, 2, 3-Trimethy] . . 
a oe = 
pentane 100.0 101.6 1.6 
2, 2, 4-Trimethy] . ; 
VA , , — 
pentane 100.0 101.6 1.6 
2, 3, 3-Trimethyl 
” 2 Pe 
pentane 100.0 103.1 —3.1* 
2, 3, 4-Trimethyl 2 
VA , ’ 
pentane 103.8 103.0 0.8 
» » 2 
y 2, 2, 3, 3-Tetra- , e ‘ 
methyl butane 4.5 8S 65 
CoH, Ethene (Ethylene) 52.7 52.5 0.2 
C,Hg Propene (propylene) 65.6 63.8 —0.2 
C,Hs 1-Butene 73.1 73.5 —0.4 
y 2-Butene (cis and 73. 71.4 a7 
*rans) (mean) 
? 2-Methyl-2-propene 71.5 70.2 1.3 
CsHyw 1-Pentene 82.3 83.1 —0.8 
, 2-Pentene (cis and 82.3 82.3 ff) 
trans) (mean) 
C5Hig 2-Methyl-l-butene 80.7 81.7 —1.0 
7 3-Methyl-l-butene 80.7 79.7 1.0 
? 2-Methyl-2-butene 80.7 80.9 —0.2 


CH 1-Hexene 91.5 92.3 —0.8 
2-Hexene (cis and 91.5 91.9 —0.4 


4 trans) (mean) 
CygH, Ethyne (Acetylene) 48.8 48.0 0.8 
C,H, —— 59.3 59.3 0 
C,He¢ 1-Butyne 68.5 69.5 —1.0 
? 2-Butyne 68.5 67.7 0.8 
C;Hs 1-Pentyne 77.7 79.1 —1.4 
a 2-Pentyne 77.7 79.3 —1.6 
7 3-Methyl-l-butyne 76.2 76.2 0 
a 1, 4-Pentadiene 81.2 79.7 1,5 
CsHy9 Trimethylethylene 80.8 79.7 ° 
Og Oxygen 48.0 48.0 0 
S Sulphur 52.6 53.5 —-0.9 
Ng Nitrogen 47.0 45.6 1.4 
Ps Phosphorus 52.4 32.2 0.2 
PN Phosphorus nitride 49.8 50.4 —0.6 


entropies of various molecules by means of this 
rule were compared with the observed values,‘ 
i. e., the thermal entropies calculated thermo- 
dynamically from the calorimetric data, using 
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the third law, or the statistical entropies calculated 
statistically from the spectroscopic data, excluding 
the weight of nuclear spin. The error of the 
observed value is sometimes +1 e.u., and in 
special cases often +2 e.u. absolutely. 

In 140 instances shown in Table 1 the present 
tule is applicable for 136 instances within the 
error of +2 e. u., and for 112 instances within 
the error of +1 e.u. But in the present rule the 
difference between the isomers, excluding bran- 
ched isomers, i.e., p-z, cis-trans, 0-m-p, etc., are 
not involved. These effects are, however, not so 
large that they are included within the error of 
the rule. For the compounds of ring structure 
and those haying resonance effect the present 
rule is not applicable. The discrepancies in such 
cases are rather suitable quantities in discussing 
the relation between entropy and molecular 
structure as will be stated below. 


Abnormal Depression of Entropy 


Abnormal depression of entropy, which is defined 
as the positive difference between the calculated 
entropy by means of the present rule and the 
observed entropy, can be interpreted with the 
depression due to ring closure, Closwre entropy, 
and the depression due to resonance effect, /teso- 
nance entropy. 

The values of closure entropies of some sub- 
stances are tabulated in Table 2. For the ring 
of 3, 5 and 6 members the closure entropies are 
about 7, 13 and 18 e.u. respectively. The closure 
entropy 20.9 e.u. of cyclohexane agrees well with 


Table 2 


Closure Entropy (unit, e. u.) 


No. of 


Substance Sie S°calc. S° obs. poe 
C,H, Cyclopropane 3 64.6 56.8 7.8 
Ons Ozone 3 62.8 57.0 5.8 
C,H,O Ethylene oxide 3 64.7 57.9 6.8 
C;Hy, Cyclopentane 5 83.3 70.7 12.6 
C;H,, Cyclohexane 6 92.2 71.8 2.9 
C-Hy, a - 6 99.8 82.1 17.7 


C.sHy, Ethyl cyclohexane 109.0 91.5 17.5 


1, 1-Dimethy] . r) — , 
CH ¢ cyclohexane 6 103.6 87.2 1.4 


Dimethyl cyclo- , 407.4 988.8 18.6 
CsH,¢ hexanes (mean) 
(excluding 1, 1-) 
Decahydronapb- g ¢ 


99, ¥ 0.0 
thalene(trans) ’ 4 we 


CwH js 


(7) “Selected Values of Properties of Hydrocarbons”, 
Natl. Bureau of Standards; E. B. Wilson, JR., Chem. Rev.. 
27, 17 (1940); Landolt-Bérnstein ; Chem. Abst.; «Annual Re- 
view of * sysical Chemistry”, 1, (1950), Annual Reviews, 
Inc., Stanford, California ; 8S. Kaneko, «Thermodynamics’,, 
Tokyo, (1941). 
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the .conclusion of Bremner-Thomas™ from the 
atomic group method that in cyclohexane the 
entropy depression due to ring closure is about 
20 e.u. 

The values of resonance entropies of some 
substances are tabulated in Table 3. Many sub- 


Table 3 
Resonance Entropy (unit, e. u.) 





Substance S°caic. Sons, Resonance 
al ns entropy 
CH,NO, Nitromethane 73.2 65.7 7.5 
CH,:CHCl Vinyl chloride 65.0 61.1 3.9 
CH,COOH Acetic acid 73.2 69.4 3.8 
HCOOH Formic acid 64.0 60.0 4.0 
C,H, 1, 3-Butadiene 72.0 66.6 5.4 
1, 3-Pentadiene 
C,H, (trans)(Pipery- 81.2 76.4 4.8 
lene, trans) 
2-Methyl-1, 3- 
a butadiene (Iso- 79.6 75.4 4.4 
prene) 
-_ Sulphur 56 
SF, bexafluoride 83.9 69.4 14.5 
> Carbon a 
CF, itetiinatde 68.5 62.4 6.1 
Carbon fom iio aa i 
CCl, tetrachloride 76.9 74.2 2.4 
Carbon s . o¢ 
CBr, tetrabromide 88.9 85.6 2.9 
wits Silicon ve - P 
Si, tetrafluoride 12.8 67.4 4.9 
BF, Boron trifluoride 64.4 61.2 8.2 
Phosphorus Ee @ . 
PF, ro sai 68.6 64.1 4.5 
AsF; Arsenic trifluoride 72.8 69.1 3.7 
1,1, 1-Trifluoro- -. a « ‘ 
CF,CH; ” hone 75.8 66.9 8.9 
~ 1, 1, 1-Trichloro , ~ “<_ 
CC1,CH, ethane 82.3 77.0 5.3 
CH,NC Methyl isocyanide 61.0 58.8 $.3 
Trichlorophos- oe tre 
Cl,PO phoxide 84.3 77.6 6.7 
‘ Trichlorophos- a es ” ¢ 
5 Ss 9 e *t 
Cl,Ps phosulphide 86.6 79.3 7.3 
(CH,),CO Acetone 73.2 70.1 3.3 
COCI, Phosgene 72.9 69.1 3.8 
SO, Sulphur trioxide 75.0 61.2 13.8 
SO, Sulphur dioxide 64.5 59.4 5.1 
CO, Carhon dioxide 60.9 59.2 10.7 
co Carbon monoxide 47.0 45.6 1.4 





stances in the table haye been interpreted by 
Pauling“) as having resonance effects between 
various valence structures. The symbol S°calc. 
is the calculated value for the same typical 
valence structure as in the case of the resonance 


energy. The small resonance entropy 1.4 e.u. 
of carbon monoxide indicates that in diatomic 


(8) L. Pauling, “The Nature of Chemical Bonds”, Cor- 
nell Univ. Press, New York, 1940. 
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molecule the entropy does not decrease appreci- 
ably with the resonance effect. 
As from thermodynamics 


4F=4H-T-AS, 


the degree of stabilization due to resonance effect 
must be originally discussed with the resonance 
free energy, but not only the resonance energy. 
In the extreme case as carbon dioxide the re- 
sonance entropy is 10.7 e. u. and the resonance 
energy is 33kcal., so that the resonance free 
energy becomes 


AF =33, 000—298 x 10.7 
= 33, 000—3, 189=29, 811 (cal.) 


at ordinary temperature. In general case, how- 
ever, the resonance entropy is not so large that 
it may be negligible compared with the resonance 
energy. 

The substances, which have abnormal depres- 
sions due to ring closure and resonance effect, are 
aromatic compounds as shown in Table 4. As 


Table 4 


Closure plus Resonance Entropy 
(unit, e. u.) 


‘ - : Closure 
Substance Scale. SPobs. +reson. 
entropy 

CeHg Benzene 89.4 64.3 25.1 
me Alkyl benzenes hia tte, 
(mean) 

CsH, Styrene 105.4 82.5 22.9 
oa 21.7 

CoH 49 Methyl styrenes (mean) 


closure plus resonance entropy of benzene is 25.1 
e.u. and closure entropy of benzene must be 
20.9 e.u., taken as the same as cyclohexane, the 
resonance entropy of benzene becomes 4.2 e. u., 
which agrees well with the conclusion of Brem- 
ner-Thomas™ that the depression of entropy due 
to resonance effect is about 4+ e.u. in benzene. 

We have not seen any substance, which has 
the abnormal elevation of entropy, namely, for 
which the observed entropy is much larger than 
the entropy calculated by means of the present 
rule, excluding some exceptions in Table 1. From 
this fact it will be said that the present rule gives 
probably the upper limit of the observed entropy 
of gas molecule. 


Bond Entropy 


The quantity Entropy of formation from atoms 
S°ay was defined as 


S°g7=(Entropy of atomic state)—(Entropy of 


molecular state), (14) 

with the analogy of enthalpy of formation from 
atoms. Entropy of atomic state becomes with 
the use of eq. (10) 
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(Entropy of 


atomic state) = 5 (2643/2-R In A) 


=26n4+3/2-RIn MX, (15) 


and entropy of molecular state becomes with the 
use of eq. 6) 


(Entropy of molecular state) = 


264-3/2-R In 1X)+0.7 In n(** : ) (16) 


ee 


From these equations it follows 


m, X. VY 
Sa, =26—1)—0.7 In a + ) 


As for the substances excluding those of ring 
structure 


m=n—l1, (8) 


it follows 


Sar= E{26-0. 7 n(** ) 


' 
/ 


(17) 


™ 


=3S (18) 


X4+Y 
a 2: (19) 


Although the quantity S°, has the additivity as 
shown in eq. (18), it has not the independency 
as shown in eqs. (19) and (7). Namely S°, has, 
besides the quantities X, Y and N, which are 
proper to the bond, the quantities 7, m, B, ny, and 
f, which are controlled with the situations of the 
bond. Consequently it is impossible to build up 
true bond entropy, which has both the additivity 
and the independency as in the case of bond 
energy, although it is possible to build up formal 
bond entropy S°z, which has only the additivity 
as stated above. It is, therefore, also impossible 
to construct the bond free energy with the 
sufficient accuracy. 

In the special case such as non-branched 
hydrocarbon involving more than two carbon 
atoms, excluding ethylene and acethylene, 725, 
B=0, ny=0 and f=0 as stated above, so that eq. 
(7) becomes 


S°n=26-0.7 In( 


15.7 


gee +h, (20) 


and eq. (17) becomes 


mi / X } 
Seay = ¥{26—0.7 In 7 yy ))— 0 (21) 


m 


=¥S°,'-11, 


' 


where ‘°,,! is defined as 


X+Y 
‘.» *_ on ~ 
S°,,'=26—0.7 | Lon ). 


It follows therefore 
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™ 
Sar+l1l = TS°,’. (23) 


As shown in eqs. (22) and (23) S°,' has both the 
independency and the additivity. However the 
quantity S°,' is also not suitable for the name 
bond entropy, because the range of application of 
this quantity is very small, and furthermore the 
meaning of the additivity of this quantity is not 
clear-cut in the physical sense as shown in eq. 
(23). 


Derivation of Atomic Group Method 


Many rules in the atomic group method must 
be included naturally in the present rule. The 
typical rules of the atomic group displacement 
method, for example, are derived as follows: 

(1) Displacement of H of C—H with 
(excluding C,-—-C,) 

(a) Non-branched 


H H H 


CH; 


increase: (C, H, H); 
l | | (C—Hx2, C—Cx)l 
ee 
! | ! 
H H i 


decrease: 
From eq. (13) the increase of entropy by dis- 
placement 4S° is calculated as 


AS° =2.98 x In 12+0.7 x {2 In 1341n 24} -1.33x3 
=7.445.8—4.0=9.2, 


while the observed mean value of 4S° is 9.2 e.u. 


(b) Branched with two degree 
io.” 
Cc C 
ff o™, f™ 
—C - --C H 


H co” 
\ 
H 


From eqs. (6) and (7) 


2 


4S°=9.2(calculated value in la) —0.7 x 14 
=9,2-1.6=7.6, 
while the observed mean value is 7.5 e. u. 
(c) Branched with three degree 


A 
a 


From eqs. (&) and (7) 


45° =9%.2 (calculated value in la) —0.7 


92 


=9.24+1.6-3.5x° 
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while the observed mean value is 3.8 e.u. 
(2) Displacemens of C—C with C=C (excluding 
ethane to ethylene) 


H H 
—C—C— -. —C—C— decrease: (H, H), 
Lo (C—C, C—H x2) 


H H H H 


increase: (---), (C=C) 


From eqs. (6) and (7) 


48° -= —2x {0.7 In 13—0.7x 1.9} 
= —2x (1.8—1.3) = —1.0, 


while the observed mean value is —1.0 e.u. 

The calculated values of 4S° as stated above 
are very convenient for the calculation of S° of 
hydrocarbons, and are applicable also for the 
substances inyolving the abnormal depressions, 
provided that the latter are not affected by the 
displacement. 


Activation Entropy of Chemical Reaction 


According to Eyring et al.“ the specific reac- 
tion rate of bimolecular gas reaction k is ex- 
pressed by the equation: 


RTe4Sr*/Re-£/RT (ec. mole~'sec.~'), 


(24) 


k 
k= ge* F 


o 


where « is the transmission cvwefficient, ‘ is 
Boltzman constant (1.372 x 10-"erg-degree—'), 
is Planck constant (6.554 10-7’ erg.sec.), R is 
universal gas constant (in the terms e45/*/F and 
e-E/RT 2 ig 1.987 cal-degree~', and in the term 
RT, R is 82.06 cc-atm-degree~'), 4S,* is activ- 
ation entropy when the standard state is chosen 
as 1 atm., and £ is the experimental activation 
energy. Compared with Arrhenius’s equation 


k = .te-#/R7, 


the frequency factor .1 is expressed as 


yt 


A= re? 4 RT e45p*/F , (25) 


Putting «=1, and numerical 


values, it follows 


introducing the 


A=1.27«10" 7'%e45p*/2 (ec. mole~'sec.—'). (26) 


If 4S,* is given, therefore, the frequency factor 
of bimolecular gas reaction can be calculated 
readily with the use of eq. (26) 

Activation entropy 45,* is given from thermo- 
dynamics by 


AS,* = 4S, °*+ 4C,* In 298” 


(27) 


(9) 8S. Glasstone, K.J Laidler and H. Eyring. “The 
Theory of Rate Processes”, McGraw-Hill, Inc., New York, 
1941. 
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where 4S,,°* is entropy difference between acti- 
vated complex and initial state at 298°K and 
1 atm., and 4C,* is the difference of molecular 
heat at constant pressure between activated com- 
plex and initial state assuming independent with 
temperature. 

When the initial siate converts to activated 
complex, molecular heat will decrease on the one 
hand according to the presumed decrease of 
degrees of freedom of translation and rotation, 
and will increase on the other hand according to 
the presumed increase of degrees of freedom of 
vibration and depressions of vibrational frequen- 
cies. As these problems are too complicated 
to discuss quantitatively, it was assumed that 
these opposite effects cancel each other, i. e., 


4C,,*=0, (28) 


For bimolecular reaction 4S,°* is expressed as 


A4S,°* = S$* — (S9,48°,), (29) 


where S°*, S°y and S,° are S° of activated com- 
plex, reactant A, and reactant B respectively. 
S°4 and S°, can readily be computed by means 
of the present rule, if the reactants have not 
abnormal depressions. Compared with the en- 
tropies of normal molecules, entropy of activated 
complex will increase on the one hand according 
to the presumed elongation of the bond distance 
and depression of vibrational frequency, and will 
decrease on the other hand according to the 
presumed restrictions by the activated bonds‘ 
and depressions by ring closure and resonance 
effect. As these effects are too complicated to 
discuss quantitatively, it was assumed that the 
entropies of the activated complexes of the 
triatomic reaction 


X+Y-Z = X.--Y---Z-+ X-Y+Z, 
and the double decomposition 


X-Y 
+ 
W-Z 


could be computed with the models 


x~—¥ 
X—Y—Z and | | 
w—Z 


respectively, as the result of cancellation of both 
effects. 

The frequency factors of some simple reactions 
computed by means of the above-mentioned series 
of assumptions were compared with the observed 
values in Table 5. As seen in the table the calculated 
values agree with the observed within 3~1/6 
times, so that the rough assumptions above stated 
concerning the molecular heat and entropy of 


(10) K. Otozai, This Bulletin. 24, 218 (1951); K. Otozai, 
Scient. Papers, Osaka Univ., No. 20, (1951). 
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Table 5 












Calculation of Frequency Factor 
- Ox i) So * J r a 
aaien Po u.) é a) @. u) . a) ek) (ce: wing sec") (ce- om Mt. ge¢-1) cate.) Aovs. 
H+H,=H,+H 33.2 26.0 29.5 -—22.3 300 1.6x 10" 1.1x 10% 1 
Cl+H2=CIH+H 45.9 36.7 29.5 —20.3 298 0.5x 10" 1.8x 10% 1/4 
H+HBr=H,+Br 48.8 26.0 45.2 -—22.4 500 4.3x10" 1.310% 3 
Br+H,=BrH+H 48.8 39.1 29.5 -—19.8 499 1.6x 10" 0.8x 104% 2 
H,+1,=2HI1 70.1 29.5 61.9 —21.3 700 1.5x 10" 2.0 1080) 
Brg+Cly=2BrCl 90.8 58.7 53.2 —21.1 oo 0.3x10" 1.8 x 10'C'2) 1/6 
(298°K) (room) 
H3C:CHs 54.7 52.7 29.5 -27.5 773 0.810" 1.9 10!» 1/2 











+H,=C.H¢ 


activated complex are approximately correct. 
This discussion concerning entropy of activation 
is one of two works of the research on activation 
energy performed by one of the authors.‘ 


Summary 


(1) From the standpoint of chemical bond 
a new empirical rule for the calculation of 
entropy of polyatomic gas molecule has been 
proposed. It agrees with the observed value 
within the error of +2 e.u., and includes 
monoatomic and diatomic molecule as a special 
case, and finally gives the upper limit of the 
observed value. is 

(2) The abnormal depression of entropy 
from the standard of the present rule was 
interpreted as ring closure entropy and re- 
sonance entropy, and réspective values were 
given for some typical substances. Closure 
entropy 20.9 e. u. of cyclohexane and re- 
sonance entropy +.2 e. u. of benzene agreed 
well with the conclusion of Bremner-Thomas 
according to the atomic group method. 

(3) It has been shown that resonance 


(11) M. Bodenstein, Z. phys.\Chem., 29, 295 (1899). 
(12) W. Jost, Z. phys. Chem., B 14, 413 (1931). 
(13) R. N. Pease, J. Am. Chem. Soc., 54, 1876 (1932). 








Equation for the Osmotic Pressure 
in Dilute Ideal Solution 


The osmotic pressure P, of a solution is 
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entropy is so small that its contribution to 
the resonance free energy is neglisible compared 
with resonance energy. In special case, how- 
ever, the contribution of the resonance entropy 
is about 10% of the resonance free energy, as 
in the case of carbon dioxide. 

(+) It has been shown that it is impossible 
to construct the true bond entropy, which is 
additive and independent. But it is possible 
to build up the formal bond entropy, which 
is additive and not independent. 

(5) In order to show that the present rule 
includes naturally the atomic group method, 
some typical rules of the atomic group dis- 
placement method have been derived. 

(6) Under some assumptions the frequency 


‘factors of some simple chemical reactions have 


been computed by means of the present rule. 
The calculated values agreed with the observed 
within 3~1/6 times. 


The authors wish to express their sincere 
thanks to Prof. T. Titani for his valuable 
discussions of these problems, and to Dr. §. 
Seki for his kind guidance concerning ther- 
mochemical data. 


‘aculty of Science, Osaka University, Osaka 





thermodynamically related to the vapour 


(1) Details have been published in Chemistry of High 
Polymers, Japan, 9, 268 (1952). 
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pressure of pure solvent p,°, and that of 
solution p; according to the equation 


RT 
v 





In *, (1) 
Pr 


P=— 


where ?, represents the partial molar volume 
of solvent in solution, R the gas constant 
and T absolute temperature. As a special 
case, when the solution is ideal, the partial 
molar volume of the solvent v; can be put 
down as equal to the molar volume of pure 
solvent 7,°, and p,/p,° to the mole fraction 
of the solvent in the solution N,, according 
to the Raoult’s law, so that eq. (1) becomes 


R 
a a 


V1 


(2) 


And if the solution is composed from n, moles 
of solvent and n, moles of solute, the mole 
fraction of solvent Nj, is clearly 


ny 


Ni= (3) 
Mtns 
and the total volume of the solution V can 
be expressed as 
V =7401° +n2v,° (4) 


molar volumes of 
solute in pure state 


where 7,° and v.° are the 
the solvent and the 
respectively. 

Putting eqs. (3) and (4) in eq. (2), we obtain 


nRT In(1+ Ns 


P= 
V—ny,v,° 


(5) 


This eq. (5) can, however, be further simplified 
to the eq. (6) for which is shown below for a 
sufficiently dilute solution by expanding the 
logarithmic factor in the right hand side and 
neglecting higher terms than the second 


p= nk T : (6) 


V—n,v,° 


Dilute Solutions of Low Molecular 
Weight Substances 


In real solutions solute molecules are generally 
solvated, that is, a number of solvent molecules 
are loosely attached to a solute molecule. But 
it may be a plausible assumption that the 
degree of solvation, i.e. the number of solvent 
molecules attached to a solute molecule in- 
creases with increasing dilution; finally a 
saturated state is reached and thereafter the 
degree of solvation does not increase with 
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further increase of dilution. Accordingly in 
this state of saturation the solution may be 
treated as a sort of ideal solution, when we 
regard the solvated solute molecule as a whole 
as a molecule of the solute. Then, by expres- 
sing the maximum degree of solvation in this 
saturated state by Nmax, we can put the 
number of free solvent molecules in the solution 
at a sutticiently large dilution 


Nn,’ =n,— Nmax nx ( 


the mole fraction of the free solvent 


, - 
ny n,— Nmax 1, 


XN,’ = Sama? 
2 — Nmax Ny +Nny 


ny’+nz 
and the total volume of the solution 
V =ny,'0,° +n.(v2° +01’ Ninax) v) 


where v,’ represents the molar volume of the 
solvent in the solvated state. Hence if we put 
eqs. (8) and (9) in eq. (2) we obtain for a 
sufficiently dilute solution 


n,’RT Ns 
P= ———_— -In{1+— (10) 
V—n.(v.° + v1’ Nmax) af >) 


P(V a n20max) = n RT 





or (11) 


where 





bmax = v,° + Nmax 0,’ (12) 
The bmax represents the maximum moiar 


volume of the solvated solute, that is, the 
molar volume of the solvated solute in the 
state of saturated solvation. 


Dilute Solutions of Chain Polymers 


As is well known, the abnormal character 
of the solution of high polymers especially 
that of chain polymers is generally attributed 


to the random motion of the sections of the 
chain molecules in soln. But if we assume 
the extension of a chain molecule due to its 


random motion having a saturated or maxi- 
mum value in sufficient dilution, such a 
solution can be treated in exactly the same 
way as the solution of low molecular weight 
substances in its saturated state of solvation. 
We obtain exactly the same form of the 
equation as (11) for the relation between the 
osmotic pressure, the volume of the solution 
and the temperature for a sufficiently dilute 
solution of high polymer, if we assume bmax 
representing the maximum molar volume of 
the solute, that is, the volume occupied by 
the solute molecule at its highest degree of 
expansion, 
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The Second Virial Coefficient and 
the Molar Volume of the Solute 


The relation between the osmotic pressure 
P and the concentration ¢ expressed in gram 
per liter of a solution is expressed by a well 
known equation 


4 


P= ro(< +A, + Ase+--- +) (13) 


where M represents the molecular weight of 
the solute and A, and A; are the so-called 
the second and the third virial coefficient 
respectively. Hence, it may be of interest to 
compare eq. (11) obtained above with this eq. 
(13). For this purpose eq. (11) is deformed 
into the form 

n RT RT 


P= — 
V- -N3b max M 


—bmax 


c c ‘ss 
= — —_ bma 
RT, (1 ue™ x) ‘ 


and by expanding the right hand side of this 
equation and neglecting higher terms, we 
obtain 


(14) 


. ¢ bmax 2 
P=RT( + Mu? ). 


By comparing the second terms in the right 
hand sides of eqs. (13) and (14) we see that 
the second virial coefficient A, is related to 
the maximum molar volume bmax and the 
molecular weight M of the solute according 
to the equation: 
A,=bmax/M?*. (15) 
As a verification of this eq. (15) we have 
compared the value of bmax of polystyrene 
in toluen solution calculated by this equation 
using the data obtained from the osmotic 
pressure measurement with that computed from 
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the light scattering measurement. We have 
obtained namely from the. data of osmotic 
pressure measurement made by Mark and 
others® at 25°C. for the toluene solution of 
polystyrene having a mean molecular weight 
of 1,580,000 as a value of bmax 3.74 10° 
liter/mole according to eq. (15). This value 
agrees, however, sufficiently well with the value 
of bmax=38.68 x 10° liter/mole obtained from 
the light scattering measurement made by 
Zimm and others®) at 22°C. for the toluene 
solution of polystyrene having 2 mean mole- 
cular weight of 1,610,000. 


Degree of Hydration of Sucrose 
and Glucose 


When we calculate bmax for sucrose in 
aqueous solution by eq. (15) using the data 
of osmotic pressure measurement made by 
Morse) at 20°C., we obtain 0.882 liter/mole. 
But bmax is related with the molar volume of 
pure solute v,° and the molar volume of the 
hydrated water v,’ according to eq. (12). 
Hence, if we assume v," being equal to the 
molar volume of pure solid sucrose (0.216 
liter/mole) and v,’ being equal to the molar 
volume of pure water (0.018 liter/mole), we 
obtain as a maximum degree of hydration 
Nmax Of sucrose a value of about 9 accoring 
to eq. (12). In the same way we obtain as 
Nmax for glucose at 10°C. a value of about 
3.5 from the osmotic pressure measurement 
made by the same author. 


The author expresses his hearty thanks to 
Prof. Toshizo Titani for his kind guidance 
and encouragement in the course of this study. 


Chemical Institute, Faculty of Science, 
Osaka University, Osaka 


(2) TT. Alfrey, A. Bartovics and H. Mark, J. Am. Chem. 
Soc., 65, 2319 (1943). 

(3) P. Outer, C. I. Carr and B. H. Zimm, J. Chem. Phys., 
18, 830 (1950). 

(4) H. N. Morse, Am. Chem. J., 48, 29 (1912). 
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Ueber die spezielle Reaktionsfahigkeit der beiden Endgruppe 
von langer Kette 


von R, SENZYU und O, ASAYAMA 


(Eingegangen am 25, Dezember, 1951) 


Einleitung 


Bei der Hydrolyse von Polysacchariden z. B. 
der cellulose, der Stairke,® des Inulins® 
und des Lavans®) nehmen die nach der 
monomolekularen Gleichung berechneten Re- 
aktionskonstanten mit dem Spaltungsgrad zu. 
Diese Vorgang ist auch bei der Abspaltung 
des Polyesters bemerkbar. In  friuheren 
Untersuchungen uber die Polyesterung von 
zweibasischen, organischen Sfiuren und zwei- 
wertigen Alkoholen teilte P. J. Flory mit, 
dass der Polymerisationsgrad keine Einfluss 
auf die Reaktiosfahigkeit hat, Diese empirischen 
Ergebnisse deuten darauf hin, dass die beiden 
Endgruppen von langer Kette eine spezielle 
Eigenschaft besitzen. Bedauerlicherweise ist 
es jedoch bisher niemanden gelungen, die 
speziellen Eigenschaften der beiden Endgruppen 
von langer Kette unmittelbar zu_bestitigen. 
Will man diese Frage losen, so ist es am 
einfachsten, die Verseifungsgeschwindigkeit von 
Polyathylenglykol-diacetat, das nur an beiden 
Enden der langen Kette die funktionellen 
Gruppen besitzt, mit derselben von 8-Methoxy- 
athylacetat zu vergleichen. Aus diesem 
Grunde wurden die Untersuchungen wtber die 
alkalischen Verseifungen von Polyathylengly- 
kol-diacetat und 8-Methoxyathylacetat unter- 
genommen. 


Herstellung von Versuchsmaterialien 


B-Methoxyiithylacetat.— 8-Methoxyathylacetat 
wurde nach M. H, Palomma aus Aethylenglykol- 
monoathylather und Acetylchlorid in Gegenwart 
von Pyridin dargestellt. Der Siedepunkt, 145°C. 


Polyiithylenglykol-diacetat.— Das Polyathyl- 
englykol-dihydrat wurde nach H, Staudinger 
durch Polymerisation des Aethylenoxydes dar- 


(1) K. Freudenberg uud Mitarbeiter, Ber. 65, 1179 (1932); 
66, 19 (1933); 68, 2070 (1935); 69, 1258 (1936); M. L. Wol- 
from und L. W Georges, J. Am. Chem. Soc., 59, 282 (1937). 

(2) K. Meyer, H. Hopff und H. Mark, Ber. 62, 1103 (1929); 
K. Freudenberg, Ber. 69, 1258 (1936). 

(3) H. Hibbert und E. G. V. Percival, J. Am. Chem. Soc., 
52, 3995 (1930); S Knoop, Ann. $04, 26 (1933); 520, 34 (1935). 

(4) P. J. Flory, J. Am. Chem. Soc., 61, 3384 (1989). 

(5) M. H. Palomma. Ber. 71, 480 (1938). 

(6) H. Staudinger, Ber. 62, 2395 (1929). 


gestellt. 15 g. des betreffenden Polyathylenglykol- 
dihydrates wurden mit 100 cc. Essigsiureanhydrid 
4 Stunden lang am Riickflusskiihler gekocht. 
Darauf wurde die Hauptmenge Anhydrid im 
Vakuum _  abdestilliert. Die héhermolekularen 
Diacetat wurden durch wiederholtes Umfiallen 
erhaltet. Das Molekulargewicht wurde nach Rast 
bestimmt. Molekulargewicht 2440, Polymerisa- 
tionsgrad 55. 


Versuchsanordnung 


Die Verseifung wurde in der tblichen Weise 
vorgenommen. In einem Meyerschen Kolben 
wurde eine bestimmte Menge yon 0.1~x NaOH, 
die durch Verdiinnung yon 1N Lauge mit 
kohlensdurefreiem Wasser in Messkolben dar- 
gestellt wurde, auf die gewiinschte Tempetatur im 
Thermostatten yorgewarmt. In einem anderen 
Meyerschen Kolben wurde dann die wasserige 
Losung einer abgewogenen Menge Ester hergestellt 
und ebenfalls yvorgewirmt. Zur Zeit t=0 wurden 
dann die beiden Lisungen unter Riihren gemischt. 
Der Kolben wurde durch einen Gummistopfen 
verschlossen. Zum Zweck der Titration wurde 
stets eine bestimmte Menge der Lésung in 15cc. 
0,05110 s HCl hinzugefiigt und dann die Menge 
von iiberschiissigen Sauren mit Phenolphtalein 
zuriicktitriert. Die Konzentrationen des Esters 
und des Alkalis und die zeitlichen Aenderungen 
sind in den Tabellen stets in cc. yon Salzsdure 
angegeben. 


Empirische Ergebnisse 


Die Reaktionskonstante in den Tabellen 
wurden nach der folgenden bimolekularen 
Gleichung berechnet 


-__ log a+log(ay—a..) —log a) —log (a—a) 


0.4343 a. (t—to) 


Als Einheitskonzentration wurde jedoch durch- 
weg. um die verschiedenen Konstanten 
miteinander vergleichen zu konnen, die 1N 
Losung benutzt. Die Werte fur K sind daher 
mit den entsprechenden Faktoren multipliziert. 

Die Tabellen zeigen durch die guten Kons- 
tanten der Werte von K, dass die alkalische 
Verseifung sowohl von Polymer wie auch von 
Monomer glatt bimolekular verlauft. Die 
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Tabelle 1 
Die Verseifung yon B-Methoxyathylacetat 
bei 10°C, (Konzent. des Esters=0.01663 
(mol/1.)) 
Zeit in Neutralisierte cc. 
Sek. w~/20 HOI fiir 25cce. Lis, 
(t—to) (4) 
0 9.43 (49) 
214 8.40 4.39 
352 7.43 4.30 
699 -60 4.05 
1583 28 .05 
2177 . 66 -10 
3060 -OL .05 
42965 -o2 .80 
oo eBl (Be) 
Durchschnitt 4. 


K(mol/ce.)~! 
Sek.-! 


wes om 


m bo 


Tabelle 2 
Die Verseifung von §-Methoxyathylacetat 
bei 25°C. (Konzent. des Esters= 0.01603 
(mol/1.)) 

Zeit in Neutralisierte cc. x /20 
Sek. HCl fiir 25 ce. Los, 
(t—t) (a) 

0 9.75 (do) 

60 7.90 13.6 
lly 6.80 13.2 
187 5.96 13.° 
361 4.54 12. 
602 3.55 12.° 
902 2.85 2. 

1439 2.33 il. 
2577 1.86 10. 
3418 1.70 10. 

co 1.44 (a) 

Durchsehnitt 12.: 


K(mol/ee.) =! 
fek.-' 


Tabelle 3 
Die Verseifung von Polyathylenglykol- 
diacetat bei 10°C. (Konzent. der 
Estergruppe=0.01630 (mol/1.)) 

Zeit in Neutralisierte cc. x /20 
Sek. HCl fiir 25 ec. Los. 
(t—te) (a) 

0 8.10 (4) 
175 6.56 21 
345 5.99 -05 
589 4.88 40 
1457 3.20 -23 
3193 2.02 -93 
5810 1.36 -78 
9650 0.93 

co 0.37 (de) 


Durchschnitt 


K(mol/ee.)~! 
Sek.—! 


4.21 


genugende Uebereinstimmung der A-Werte von 
Polymer mit denen von Monomer ist von 
grosser Bedeutung. In der Regel lasst sich 


Tabelle 4 
Die Verseifung von Polyathylenglykol- 
diacetat bei 25°C. (Konzent. der 
Estergruppe =0.01490 (mol/1.)) 
” * = 190 
siti emtratteto ce 3! zimolfen)—* 
(t—to) (a) ‘ 
0 6.23 (a) 
68 5.24 
104 4.74 
159 4.28 
338 3.30 
580 2.63 
878 2.01 
1424 1.56 
2137 1.20 
2980 1.09 
oo 0.61 (a) 
Durchschnitt 


Zeit in 
1 


12.9 
14.2 
13.6 
12.8 
11.9 
12.6 
11.9 
12.2 


10.3 
12.5 


die Reaktionsgeschwindigkeitskonstante durch 
folgende Arrheniussche Gleichung darstellen. 


K=A-exp(—E/RT) 


Wenn man von der Temperaturabhangigkeit 
der Reaktionskonstante nach der Arrhenius- 
schen Gleichung die Aktivierungsenergie und 
den sterischen Faktor berechnet, so erhalt man 
die in der Tabelle 5 angegebenen Werte. 


Tabelle 5 
Die kinetischen Daten der alkalischen 
Verseifungen von 8-Methoxyathylacetat\ 
und Polyathylenglykol-diacetat™ 
K(mol/ee.)-! 
Sek.-! E 


om, (etehd 


10°C. 25°C, 
1 4.21 12.5 12.81 
2 4.10 12.8 12.71 


Subs- 
tanz 


AS* 
(cal.) 


Ar* 


y 15 
Ax10 (keal.) 


1.90 
1.50 


—10.5 15.9 
—-10.8 15.9: 


Die freie Aktivierungsenergie (JF*) und die 
Aktivierungsentropie (JS*) wurden nach der 
folgenden Eyringschen Gleichung berechnet. 


K=k’'-kT'|h-exp(4S*/R)exp(—4H*/ RT), 
(4F* = 4H*—T4S*). 


Dass E, A, 4F* und JS* von Polymer mit 
denselben von Monomer gut tbereinstimmen, 
bedeutet, dass die Verseifungsmechanismen von 
beiden Ester ganz identisch sind. Nach 
bisherigen Untersuchungen nimmt die Reak- 
tionsfahigkeit mit dem zunehmenden Mole- 
kulargewicht ab. Bei solcher Reaktion, bei 
der sich nur die beiden Endgruppen beteili- 
gen, kann man jedoch annehmen, dass die 
Reaktionsfahigkeit bei hochmolekularen und 
niedermolekularen Stoffen keinen Unterschied 
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aufweist. Friher teilte P. Flory mit, dass bei 
Polyesterung von zweibasischen, organischen 
Sauren und zweiwertigen Alkoholen die Reak- 
tionskonstanten stets konstant sind. Diese 
Ergebnisse bedeuten, dass das Molekulargewicht 
keinen Einfluss auf die Reaktionsfahigkeit hat. 
Diese Tatsache wird zwar schwer durch die 
heutzutage am weitesten verbreiteten Anschau- 
ungen aufgeklirt, dass mit Zunahme des 
Molekulargewichtes die Reaktionsfahigkeit ab- 
nehme, aber ist unter Bericksichtigung unserer 
irgebnisse leicht verstiindlich, denn die von 
P. Flory behandelten Reaktionen sind die- 
jenigen, an denen sich nur die beiden End- 
gruppen von langer Kette beteiligen. 


Zusammenfassung 


Um die spezielle Reaktionsfahigkeit der 


Masami 





Izawa [Vol. 25, No. 5 
beiden Endgruppen von langer Kette festzu- 
stellen, wurden die Untersuchungen uber die 
alkalischen Verseifungen von 8-Methoxyiithyl- 
acetat und Polyathylenglykol-diacetat, das 
an dem beiden Enden von langer Kette die 
funktionellen Acetylgruppen  besitzt durch- 
gefihrt. Die Reaktionsfahigkeit der beiden 
Endgruppen von langer Kette stimmt nicht 
nur in Reaktionskonstante, sondern auch in 
Aktivierungsenergie und sterischen Faktor mit 
denen von Monomer wtberein. Mindestens bei 
solcher Reaktion, an der sich nur die beiden 
Endgruppen beteiligen, kann man annehmen, 
dass die Reaktionsfahigkeit bei den hochmole- 
kularen und niedermolekularen stoffen keinen 
Unterschied aufweist. 


Institut fiir Wissenschaft und Industrie, 
Kyushu Universitdt, Fukuoka 


Monolayers of Branched-Chain Fatty Acids. II. a-Aromatic 
Substituted Fatty Acids 


By Masami IZAWA 


(Received May 26, 1952) 


In our previous report, force-area curves for 
a number of branched-chain fatty acids having 
aliphatic side chains have been studied. It 
wes concluded that there are close relations 
bevween the force-area curves and the position 
and the length of the side chains. In this 
report, experiments were carried out for four 
series of branched-chain fatty acids having 
aromatic side chains in the @-position, namely, 
2-phenyl-, 2-(@-naphthyl)-, 2-benzyl- and 2- 
(a@-naphthomethyl)-n-fatty acids,* which were 
shown to have antibacterial activities in vitro? 

Asano and his co-workers@) and Ukita and 
his co-workers®) have postulated that a good 
antibacterial effect might be expected if a 
substance occupied a large area when adsorbed 
on a bacterial cell surface. This assumption 
led them to syntheses and examination of the 


* For simplicity, the names of these compounds were 
referred in this paper to a-phenyl-, a-naphthyl-, a-benzyl- 
and a-naphthomethyl-series respectively: 

(1) M. Izawa, This Bulletin, 25, 182 (1952). 

(2) M. Asano, H. Motomatsu and O. Tamemasa, J. Phar- 
maceut. Soc. Japan, 70, 622 (1950). (In Japanese) 

(3) T. Ukita, O. Tamemasa and H. Motomatsu, J. Phar- 
maceut. Soc. Japan, 71, 289 (1951). 


antibacterial activities of aromatic ring-substi- 
tuted compounds mentioned above. Contrary 
to their expectation, no influence of substituting 
groups on the antibacterial activity has been 
found, though substitution of naphthyl and 
naphthomethyl groups had a little better effect 
against S. aureus than _ substitution of 
phenyl group. They assumed implicitly that a 
naphthalene ring occupies a much larger area 
on the cell surface than a benzene ring, but 
this assumption should be verified experi- 
mentally. From force-area relation on water 
substrate, one can estimate the orientation of 
the molecules of these compounds at the cell 
surface, and this is one of the reasons for which 
this study was done. 


Materials and Methods 


Twenty-three substances were used in this ex- 
periment: 


a@-pheny! series: 
CyrHen,,CHCOOH 


oH; 


n=2, 8, 10, 12, 13, 14,16. 
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e@-naphthyl series: 
C,,Ho» .~CHCOOH n=4, 6, 8, 10, 12. 


CoH; 
a-benzy! series: 
CrpHan4;CHCOOH n=4, 6, 8, 10, 12. 


CH,C,Hs 
a@-naphthomethy! series: 
CrHe,,,CHCOOH n=0, 4, 6, 8, 10, 12. 


CH,C,.H; 


All these compounds were synthesized by Dr. 
Tamemasa of the Chemical Department, Institute 
for Infectious Diseases, Tokyo University. As to 
their synthetic methods, constants and bactericidal 
properties, reference should be made to the original 
papers, (2,3) 

Techniques employed were the same as those 
of the previous report.) Langmuir-Adam surface 
balance was made by Suzuki Scientific Instrument 
Works, Tokyo. The torsion wire of 0.278 dyne 
per cm. per degree was used. All experiments 
were carried out at 20°C. in an air-thermostat, 
which can be kept closed during the period of 
all operations. 


Results and Discussion 


1. Monolayers on 0.01N Hydrochloric 
Acid Solution.—a. a@-Pheny] series (Fig. 1). 
-—Force-area curves begin to rise at about 60 
A per molecule, and collapse at 42 A, with 
the equilibrium surface pressure of 27.5 dynes 
per cm. The effect of the length of the ali- 
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30 40 50 60 
Area per molecule, a2 
k CrHon, \ 
Fig. 1—Force-area curves for 
O.H; 7 
G*45 


CH-COOH series on 0.01~ HC! solu- 
tion at 20°C, 
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phatic portion of the molecules on the foree- 
area curves is not large. Films of n=8 or 
lower members of the series are unstable. 


b. a-Naphthyl series (Fig. 2).—The limit- 
ing area of the monolayers is about 60 A, 
but the curves are steeper than those for @- 
phenyl series. These monolayers reach equilib- 
rium pressure of 23 dynes at 45a. In this 
case, also, the length of the alkyl chain ex- 
hibits a minor effect on the force-area curves, 
and the members lower than n=6 give no 
stable film. 


Surface pressure, dynes/em. 





40 50 60 70 


Area per molecule, A2, 


C,,1 Tons ~*~ 
Fig. 2,—Forse-area curves for 
C,H, 7 
CH.COOH series on 0.01~ HCl solu- 
tion at 20°C, 


ec. Q@-Benzyl series (Fig. 3).— Limiting 
area of this series is about 67 A.?, and the 
films collapse at 454.27 and 24 dynes. Acids 
vf n=6 or lower members give unstable films, 
and n=8 acid seems to dissolve considerably. 


25 


15 


10 


Surface pressure, dynes/ca. 





30 70 30 60 70 
Area per molecule, a, 


CrHans1 \ 


O,H;-CH,% 
CH.COOH series on 0.01N HCl solu- 
tion at 20°C, 


Fig. 3.—Force-area curves for 
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d. a-Naphthomethyl series (Fig. 4).— 
Limiting area is about the same as that of a@- 
benzyl] series, namely, 66 A.*, but the force-area 
curves are steeper, and the monolayers collapse 
at about 50A2 and 19 dynes. The effect of 
the length of the aliphatic chain is negligibly 
small, as shown in the figure. Acids with n= 
6 or lower do not give stable films. 


OO pr 


Surface pressure, dynes/cm. 


ee ee eee 


59 60 70 


Araa per molecule, 42. 


CHa ys My 


CyoH;-CH_% 
CH-.COOH series on 0.01 xs HCl solu- 
tion at 20°C, 


Fig. 4.--Force-area curves for 


These results can be represented schemati- 
‘ally as the curves shown in Fig. 5. In every 
series, the Jength of the alkyl chains in the 
molecules has only minor effect upon the 
force-area curves. Therefore, it was concluded 
that the force-area curves are determined 


mainly by the aromatic portion of the mole- 


dynes/cm. 


Surface pressure 


iO “50 60 


Ares per molecule. a2 


Fig. 5.—Effect of substituting groups on the 
force-area curves of ‘a-substituted ”-fatty 
acids, 


Masami Izawa 
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cules. In the case of @-alkyl substituted fatty 
acids, if the length of the longer aliphatic 
chain becomes longer, the cross-sectional area 
per molecule becomes larger at low pressure 
region, and smaller at higher pressures.“ 
The fact that there exists no such relation in 
Q@-aromatic substituted acids may be due to 
the stronger interaction between adjacent mole- 
cules, probably because of the higher molecular 
weight of these substances. 

Limiting areas per molecule of @-phenyl 
and @-naphthyl acids and those of @-benzyl 
and Q@-naphthomethyl acids are nearly equal, 
and are 60A. and 66A.2 respectively. Accord- 
ingly, phenyl and naphthyl groups are consid- 
ered to have such an orientation as having 
equal cross-sectional areas on the surface. 
From the molecular models, it is shown that 
phenyl! or naphthyl group can orient vertically 
on the surface of water, that is, the plane of 
the aromatic ring can be placed perpendicular 
to the water surface, and that phenyl and @- 
naphthyl groups are able to have an orienta- 
tion having nearly equal cross-sectional areas. 
This is in accordance with the result of the 
experiment. 

Stenhagen has reported that the collapse area 
for @-cyclohexyl-fatty acids (50 A.2) equals the 


2) 


sum Of the area of p-alkyleyclohexanol (30 A.’) 
and that of hydrocarbon chain(20 A“). “If the 
additivity of the cross-sectional areas can be 


applied to any films exhibiting the liquid 
expanded state, the area for phenyl, naphthyl, 
benzyl or naphthomethyl group is 22, 25, 25, 
and 30 A. respectively. The collapse area for 
@-phenyl-n-fatty acids reported by Stallberg 
and Stenhagen® is 21A.?, which is in agree- 
ment with the figure from the molecular 
models (ca. 204.7), and this area corresponds 
to the experimental data given above for pheny! 
group (224.4). For the figures other than that 
for phenyl, comparison was not practicable 
because of the lack of experimental data. 


2. Influence of pH of the substrate on 
the force-area curves (Fig. 6).—Fig. 6 shows 
the force-area curves for @-phenylpalmitic acid 
on 1/30m phosphate buffer substrate, pH of 
which being 5.5, 6.0, 7.0 and 8.0, together 
with the 0.018 hydrochloric acid 
solution. 

The curve on the substrate of pH 5.5 coin- 
cides well with that on 0.01N HCI solution 
but the equilibrium pressure is higher. At pH 
6.0 and 7.0, curves are somewhat expanded, 
and become unstable at high pressure region. 


curve on 


(4) E. Stenhagen, Trans. Faraday Soc., 36, 597 (1940). 
(5) 8. Stillberg and E. Stenhagen, Svensk Kem. Tid., 
53, 355, (1941); C. A., 36, 1536-2 (1942). 
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Surface pressure, dyne/cm. 





30 40 50 60 7O 80 


Area per molecule, a2 


Fig. 6.—Effect of pH on the force-area curves 


Cul 

of 7 CH-COOH on m/30 phosphate 
C,H; 

buffer. 


The equilibrium pressure obtained by rapid 
compression is higher than the pressure at 
acidic region. At pH 8.0, the film expands 
much more, and shows a gaseous state, and 
becomes unstable at 20 dynes per cm. or 
higher. These findings are in agreement with 
the data for other fatty acids at different pH. 

Effect of pH on other substances examined 
here was similar to the effect on @-phenyl- 
palmitic acid shown in figure 6, though the 
stability region was considerably varied from 
one compound to another, and, therefore, was 
not shown in this report. 


3. Surface behavior and antibacterial 
properties.—It has been well known that a 
peak will be found when antibacterial activity 
is plotted against the total number of carbon 
atoms of substances of a homologous series. 
It was reported that for the four series men- 
tioned above the highest activity was found in 
the member having about 20 carbon atoms.@*) 
It has not been possible to interpret the ex- 
istence of the activity maximum in terms of 
the surface behavior only, and ,there is no 
direct relation between film properties and 
antibacterial activity of any one of the four 
series, nor for the aliphatic substituted fatty 
acids reported previously.” Daniels concluded 
that the increase in activity in an ascending 
series paralleled the decrease in water solu- 
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bility, the increase in lipid solubility, and to 
a certain extent, the increase in surface activ- 
ity, and that the rapid decrease beyond the 
activity maximum was attributable to a limit- 
ing water solubility. On the other hand, 
Work and Work™ suggested that the bacte- 
ricidal activity of surface-active compounds 
should be interpreted solely in terms of their 
surface activity. They believed that the ex- 
istence of activity maximum was due to the 
micelle formation at higher concentrations. 
Whether Daniels’ or Work and Work’s con- 
clusion is correct must be examined further in 
other lines of experiments in the case of aro- 
matic substituted fatty acids. 

The effect of substitution upon bactericidal 
activity was shown to be very small.@) Con- 
sidering the relatively large experimental errors 
of bactericidal tests, it should be concluded 
from the film experiment that these four series 
of compounds have equal cross-sectional areas 
on the surface. Provided that substances which 
occupy larger area at the cell surface have 
stronger antibacterial activity than those which 
possess smaller area, it is not unreasonable 
to say that the four series have almost equal 
antibacterial activity. It would be of interest 
to examine the activity of substances which 
lie flat on the surface. 


Summary 


(1) Force-area relations for 2-phenyl-, 2- 
(@-naphthyl)-, 2-benzyl- and 2-(@-naphtho- 
methyl)-n-fatty acids have been investigated. 

(2) Force-area curves are characteristic to 
each of the four series, showing that the 
length of alkyl chains in the molecules has 
only a minor effect upon the curves. 

(8) Intluence of pH on the force-area curves, 
so far examined, is shown to be similar to 
other fatty acids. 

(4) It was concluded that the aromatic ring 
in the @-position of the fatty acids has such 
an orientation that the plane of the aromatic 
ring is placed perpendicular to the water 
surface. 

(5) Film properties seem to have no direct 
relation to the antibacterial activity of these 
compounds, and some of the regularities for 
the activity are discussed. 


The author wishes to thank Dr. Hamao 
Umezawa, the chief of the Division of Anti- 


(6) T. C. Daniels, Ann. Rev. Biochem., 12, 447 (1943). 
(7) T. 8. Work and E. Work, “The Basis of Chemothe- 
rapy”’, Interscience Publishers, Inc., New York, N. Y., 


1948, p. 319. 
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biotics of this Institute, for helpful discussions, 
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masa for a number of branched-chain fatty 
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Physicochemical Properties of the Surface of Aqueous Solutions. 
II. Mechanical Behavior of Surface of Micellar and 
Macromolecular Solution* 


By Tunetaka SASAKI and Hideo KIMIZUKA 


(Received May 26, 1952) 


Introduction 


Recently the methods and concepts of 
modern rheology have been applied to the 
investigations On the mechanical properties of 
the surface of aqueous saponin solution. @ 
The present authors have also studied the 
surface viscosity of aqueous solutions foaming 
when shaken.“ The surface viscometer thereby 
employed was, however, unfortunately unsuit- 
able for the quantitative measurements of 
surface rigidity and surface viscosity coeflicient. 
So the present authors have attempted further 
experiments to obtain more detailed results by 
means of a torsion ring method. The present 
paper describes the mechanical behaviour of 
the surfaces of solutions thus measured. 


Experimental 


The essential part of the apparatus used is 
shown in Fig. 1. In this figure, A is a platinum 
ring of 4cm. in diameter suspended by a phos- 
phorbronze torsion wire, B, of 0-04mm, in dia- 
meter and 30cm, in length, the torsion constant 
of which being 0.494 dyne/em. A _ shallow glass 
vessel C of 6cm. in diameter and 1.3cm. in 
depth, contains a solution for measurement. D 
is a glass cylinder of lem. in diameter and 1.3 
cm, in height, and M is a small mirror for the 
measurement of an angle of deflexion of the 
platinum ring. C and D are placed concentri- 
cally with each other. The apparatus shown in 
Fig. 1 is set in a closed vessel to keep it free 
from occasional contamination. 


* This work was reported at the meeting for general 
discussion of colloid chemistry held in Kyoto, on Nov. 
19, 1950, under the auspices of the Chemical Society of 
Japan. 

(1) J. R. van Wazer, J. Coll. Sci., 2, 223 (1947). 

(2) A. A. Trapeznikov, Kollotd Zhur., 12, 67 (1950). 

(3) H. Kimizuka and T. Sasaki, This Bulletin, 24, 230 
(1951). 


Fig. 1. 


To carry out an experiment, the platinum ring 
is allowed to come in contact with the surface 
of the solution concentrically both to C and D. 
After the desired time of aging of the surface, 
the top of the torsion wire is rotated by a 
definite angle, and each successive position of the 
platinum ring expressed by an angle of rotation, 
0, is measured with time by means of a lamp 
and scale method. As the surface film is 
distorted with the ring, @ is considered to be a 
strain of the surface. 

In case of pure elastic deformation, the relation 
between a strain, 0, and a stress applied to the 
suriace, «(0y)—0), « being a torsion constant of the 
suspension wire and 0», a rotated angle initially 
given to the top of torsion wire, is expressed by 
the equation: 


K 


where £ is a constant proportional to the surface 
rigidity, G, as shown by the following relation- 
ship: 








2 aS - 2a 


== a a 


=: ae 
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_2 (a-ra) aria) 


ES 
ry? vi) 


where 7;, 7, and r, are the radii of the shallow 
glass vessel, wire ring and inner glass cylinder 
respectively. The value of K was 0.0315 cm,-? in 
the present case. 

In the case of pure viscous flow, the rate of 
deformation is given by the equation; 








=KE (2 


—9), (3) 


and the constant FR is related with surface vis- 
cosity coefficient as shown by the following 
relationship, 


7=KR. (4) 


As will be described later, the surface of 
solutions investigated generally exhibited the 
mechanical behaviour in which the elastic and 
viscous deformations were superposed. 

As we could not detect any perceptible amount 
of bulk viscosity, the viscoelasticity observed 
solely came from the surface itself, just as in the 
case of the preceding paper. Of samples used, 
saponin was purified by electrodialysis” and 
crystal violet, by salting out.©? The horse serum 
albumin was a highly purified specimen, kindly 
supplied by Mr. Omura, of Takeda Pharm. Ind. 
Ltd. and purified polyvinyl alcohol in degree of 
polymerization of 1200, kindly supplied by Mr. 
Kai, of Dep. Applied Chem., Fac. Tech., Kytisyii 
University, Both of these were used without 
further purification. The time of aging was kept 
to one hour throughout this experiment. The 
time scale was taken in a range from 60 to 300 
sec. The experiments were carried out at room 
temperature, 17+2°C, 

After each meaurement, 0~/ curve and d@/di~o@ 
curve were drawn, the corresponding mechanical 
model was constructed and the related constants 
were calculated. 

Viscous deformation.—The surface of 0.100 g./1. 
saponin solution exhibited pure viscous deforma- 
tion. The result was shown in Fig. 2. 

Maxwell model.—The surface of 0,002g./l1. 
polyvinyl alcohol solution behaved according to 
Maxwell model. The equation of motion, except 
for t=0, is 


do Ex 


dt ~ R({E+5) 0) 


The value of # and therefore G can be calculated 
according to equations (1) and (2) from the 


(4) G. Klein, «Handbuch der Pflanzen Analyse” 1932, III, 
1109. 

(5) CO. Robinson and H. A. T. Mills, Proc. Roy. Soc., A 
131, 576 (1931). 
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measurement of instantaneous elastic deforma- 
tion. Then the value of R and therefore y can 
be calculated from the observed data using 
equations (4) and (5). The result was shown in 
Fig. 3. 

Non-Newtonian flow.—The surface of 10-*mole/1. 
crystal violet solution exhibited this behaviour. 
In this case, the empirical relationship between 
the rate of deformation and the strain could be 
expressed by the equation; 


if 
log s =A-Bo, 6) 


where A and B are constanis. The result was 
shown in Fig. 4. 


Maxwell model with non-Newtonian flow.— 
The surface of 0.500g./l. horse serum albumin 
solution exhibited this behaviour. The empirical 
equation, except for t=0, was similar to the 
equation (6). The result was shown in Fig. 5. 


Voigt model.—The surface of 0.250 g./1. saponin 
solution exhibited this behaviour the result was 
shown in Fig. 6. The equation of motion is 


dea E+« K — 
aa ce 


FE can be calculated by the equation; 


_ &(Og—8,) 
waar’ 


EE (8) 
in which 0, is @ when d@/dt=0. R and x can be 
calculated according to the equations (4) and (7). 


Three parameter model.—The surface of 0.100 
g./l. polyvinyl alcohol solution exhibited this 
behaviour. The result was shown in Fig. 7. The 
equation of motion, except ¢=0, is 


do EE'+«(E+£), , «(E+E£’) 


y 
TRE +e 


dt — R(E' +x) 


The term of retarded elasticity, Z, can be cal- 
culated by the equation 
E' E* 
E= LO 
(EH! — E*) om 
where E’ is instantaneous elasticity and £* is 
given by the relationship; 


«(99—0,) 
0, 


E*= (11) 


in which @, is the value of @ when d@/dit=0. R 
can be calculated according to the equation (). 


Discussion 








In the deformation of viscous flow and the 
Maxwell model, @ increases with time, finally 
reaching 0,, an angle initially given to the top 
of torsion wire, and this behaviour permits no 
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6(10°rad.) ‘ abe (19° * T24./gec,) 


5 
t (min.) (%-0)(10 rad.) 
(a) @~t curve (b) da/dt~(@,—0) curve (ec) Model 
09= 0.0872 rad. 7 =3.89 g./sec. 
Fig. 2.—Saponin solution (0,100 g./1.). 


6(107 rad.) db/gt (10 Tad/gee) 


100 200 05 
#(see) (-6)(10*rad.) 
(a) @~t curve (b) d@/dt~(0,—6) curve (c) Model 
6, = 0.0872 rad. G =7.34x 10-4 dyne/cm. 
9 =1,15 x 10-* g./sec. 
Fig. 3.—Polyvinyl alcohol solution (0,002 g./1.). 
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6, = 0.0872 rad. dt - 


Fig. 4.—Crystal violet solution (10-* mole./1,). 
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Fig. 5.—Horse serum albumin solution (0,500 g./1.). 
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Fig. 6.—Saponin solution (0,250 g./1.). 
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Fig. 7.-Polyvinyl alcohol solution (0,100 g./1.). 
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other interpretation than these mechanical 
models. On the other hand, the Voigt and three 
parameter model inay be replaced by somewhat 
different interpretation under the conditions of 
the present experiment, viz., the Voigt model 
may possibly be replaced by purely plastic 
flow and the three parameter model, by the 
Maxwell model with yield point. In this con- 
nection, Fig. 6 might offer the means for the 
correct interpretation of the mechanical be- 
haviour. In Fig. 6a, the change in effective 
torque from «(@,—0) to —«@ at time ¢, caused the 
deformation of the film to reduce from @ to zero 
as shown by the portion PQ. The corresponding 
do /di~o curve was shown as I] in Fig. 6b. If the 
behaviour can be described according to the Voigt 
model, the following equation must hold 


deo aor. (b+ 460 : a2) 


dt — R 


In the case of plastic flow, the residual deforma- 
tion should remain after the torque was changed 
to-c@. The result showed an absence of yield 
value in the surface and the correctness of the 
Voigt model in this case. For the three para- 
meter model, the similar result can be obtained. 

The non-Newtonian flow observed may be 
interpreted to be either of Eyring’s non-Newtonian 
flow or quasi-viscous flow, which cannot te 
decided clearly at least in the present experiment. 

In the present experiment, tne value of @ could 
be measured down to 10-* radian and the angle 
of torsion, 09, initially given to the top of torsion 
wire was ranged between 0.1 and 1 radian, so 
that the rigidity could be measured in the region 
from 1.5x10-° to 150 dynes/cm., according to 
equations (1) and (2). The lower limit of viscosity 
measurement proved to be 1.5x10-*g./sec. by a 
similar calculation. As was mentioned above, 
the measurement of low rigidity and viscosity 
requires a suspension wire of low torsion Con- 
stant. Since the surface of solution may be of a 
low yield value if any,“ it is advisable to use the 
suspension wire of torsion constant as low as 
possible for the measurements of mechanical 
properties of surface without disturbing an 
adsorbed layer. 
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It should be noticed that the above visco- 
elastic constants were obtained referring to the 
time scale of the present experiment, while the 
complete description of the mechanical behaviour 
requires the information of a complete visco- 
elastic spectrum of the materia]l.© For the 
mechanical model of the surface of saponin 
solution, Wazer‘) presented the Voigt model, 
while Trapeznikov,™ the four parameter model 
consisting of a series combination of a spring, a 
Voigt model and a dashpot. Difference between 
these results is probably due to the difference in 
the experimental conditions. 


Summary 


1. A torsion ring method using a suspension 
wire of low torsion constant was employed 
for the measurement of a surface viscosity and 
rigidity of aqueous solutions. 

2. The mechanical behaviours of the sur- 
faces of the solutions of saponin, polyvinyl 
alcohol, crystal violet and horse serum albumin 
aged for one hour were analysed and expressed 
using mechanical models. The corresponding 
rigidity and viscosity were estimated. 

3. The mechanical models observed were 
the Newtonian flow, non-Newtonian flow, 
Maxwell model with Newtonian or non- 
Newtonian flow, Voigt model, and three para- 
meter model consisting of a series combination 
of a spring and a Voigt element. 


The authors wish to express their thanks to 
Dr. T. Nakagawa of the univ, of Tokyo, for 
the discussion of the results. The cost of this 
research was defrayed from the Scientific 
Research Expenditure of the Department of 
Edueation given to one of the authors. 


Department of Chemistry, Faculty of Science, 
Kyisyit University, Fukuoka. 


(6) T. Alfrey, Jr., “Mechanical Behavior of High Poly- 
mers,” Interscience Publishers, Inc., New York, 1948, pp 
116-175. 
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Seasonal Variations of Minor Chemical Constituents in the Waters 
of the Zunan-Kuroshio Region. I.* On Nitrogen-phosphorus 
Content Ratio with the Behaviors of Nitrate and Phosphate 


By Rinnosuke FUKAI 


(Received March 20, 1952) 


Introduction 


Whereas a large number of observations 
have been made on nutrient salts in sea water 
in various periods as well as in various localities 
of Europe and America, observations made in 
the western Pacific near Japan have been 
restricted to coastal waters and such observa- 
tions were seldom carried out during and 
after the war. 

Determinations of nutrient salts in sea water 
have been made by the present author on the 
waters of the Zunan-Kuroshio region, where 
the Kuroshio, a warm current, is passing over 
the Izu submarine ridge, in connection with 
studies on other hydrographical conditions and 
fisheries resources. 

In the present paper, data concerning nitrate 
and phosphate determinations which were 
made by the present author are selected from 
those concerning the observations which had 
been made from January 1950 to February 
1951, by the author and other workers, and 
their seasonal variations are investigated with 
reference to N-P ratio. 

The relationship between the contents of 
nitrate-nitrogen and those of phosphate- 
phosphorus in the sea water, was first suggested 
by Harvey® jn 1928. Later, it was discussed by 
Redfield,®@ Cooper,® Fleming® and _ other 
workers. Of the normal ratio of nitrate-N/ 
phosphate-P, the value, 6.8 (by weight), which 
was proposed by Cooper is widely accepted. 

The purpose of this study is as follows: to 
answer the question whether the normal ratio 
of N/P can be accepted for the waters of the 


Zunan-Kuroshio region, and if any deviation 


from the normal ratio is found, whether it has 
a connection with other conditions. 


* Contribution B. No. 64 from Tokai Regional Fisher- 
ies Research Laboratory, Tokyo, Japan. 

(1) H. W. Harvey, «Biological chemistry and physics of 
sea water”, Cambridge University press, 1928, p. 48. 

(2) A.C. Redfield, “James Johnstone Mem. Vol.”, 
1934, p. 176. 

(3) L. H. N. Cooper, J. Mar. Biol. Assoc., 22, 177 (1938). 

(4) R. H. Fleming, “Proc. Sixth Pacific Sci. Congress”, 
Vol. 3 (1939). 


Analytical Methods Adopted 


For nitrate: Colorimetric determination with 
Harvey’s reduced strychnine reagent. 

For phosphate: Denigés-Atkins’ method. 
Colorimetric determination with blue color re- 
sulting from the reaction with complex phospho- 
molybdic acid and the following reduction by 
stannous chloride solution. 


Stations Under Consideration 


Two stations were chosen on a line between 
Sunosaki and HachijO as follows: Station 3, on 
the shelf slope about 20 miles south of Sunosaki 
(Lat. 34°40'N, Long. 1399°45'E); Station 6, in the 
main current of the Kuroshio (Lat. 35°50'N, 
Long. 139°45'E). (Fig. 1) 
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Fig. 1—Stations under consideration. 


Results and Discussion 


Attention is called to the fact that in the 
sea region under examination, the spacial 
position of the Kuroshio itself may be altered 


(5) H. Wattenberg, Rapp. et Proc.-Verb. des Reunions, 
103, 1 (1937). 
(6) R. J. Robinson, J. Mar. Res., 7, 33 (1948). 
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in course of time. If so, variations in contents 
of chemical substances which appear in such 
spacially fixed stations do not always represent 
those that relate to seasonal changes. Frou 
hydrographical data, however, it can be assumed 
on the whole that a stationary. state has been 
reached in so far as the current is considered. 

Considering the data, water columns are 
assumed, and the columns are divided into 


several parts in which the integral mean 
concentrations of chemical substances are 
calculated (in order to avoid fluctuation 
of individual datum). Based upon these 


values, the values of N/P are calculated in 
each part of the water columns for each 
month. The vertical distributions of these 
ratios for each month are shown in Fig. 2 (at 
Station 3) and Fig. 3 (at Station 6). 

In these figures, vertical broken lines represent 
the normal value of N/P, proposed by Cooper. 
If the values of N/P in sea water remained 
constant and had the normal one, the points 
plotted in the figures should lie on the lines. 
The results obtained are not in good agreement. 
But this does not always give the conclusion 
that the actual values of N/P deviate from 
the normal one, since considerable errors 
accompany the eslimation of chemical sub- 
stances in sea water. 

In order to obtain reliable ranges for the 
calculated values of N/P, probable maximum 
and minimum values of N/P were computed 
of each value, introducing the numerical values 
of probable maximum error given in Table 1 
p> Tax. 
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Fig. 2.—Vertical distribution of N-P ratios for each month (at Station 3). 


Fig. 3.—Vertical distribution of N-P ratios for each month (at Station 6). 
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Table 1 


Probable Maximum Errors in Determination 


found Error fonnd Error 
Nitrate-N Phosphate-P 

(ug. /1.) (ug./1.) (ug. /1.) (ug. /1.) 

< 25 + 5 < 20 + 2 
25- 50 + 10 20-50 + 3 
50-L00 + 15 > 50 + 5 
100-300 + 20 

> 300 + 30 


in the computation. These probable ranges 
are shown by two dotted curves for each month 
in the figures. Then, it can be considered that 
the deviations from the normal ratio take plate 
only when the normal lines do not lie between 
two dotted curves. 

In Fig. 2, from these points of view, nitrate 
content below subsurface layers was relatively 
higher than phosphate content in January and 
February 1950, while in March and April 1950 
and February 1951, phosphate content was 
predominant. Although these variations in 
vertical distribution of N/P might suggest 
some character of a phenomenon occurring in 
this sea region, any conclusion may not be 
given until further observations will be ac- 
cumlated. 

In Fig. 3, the distribution of N/P for each 
month are regular except those in May and 
July, 1950. In upper layers (0-200 m.) the 
ratios are much lower than the normal ratio. 
On the contrary, in deep layers (400-800 m.,) 
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the ratios are nearly equal to the normal ratio. 

The average values of N/P in these regular 
cases are 1.4 and 6.9 for upper layers and deep 
layers, respectively. The rejection limits are 
0-2.8 for upper layers and 4.7-9.1 for deep 
layers (level of significance: 0.05). These values 
indicate the possibility of differente of water 
masses that are present in upper and lower 
layers. 

It is a remarkable fact that the values of 
N/P in May and July 1950, deviated consid- 
erably not only from the normal ratio but 
also they deviated in opposite directions from 
each other. 

In order to examine the processes of devia- 
tion from the normal ratio systematically, the 
rates of change in nitrate, {N]/6t, and phos- 
phate, §[P]/8t, were computed. Further, on 
the base of 8[N]/8&t, theoretical rates of change 
of phosphate, 6[P’]/d5t, were also computed. 
These computations were based upon the as- 
sumption that phosphate was accompanied in 
the ratio of 6.8 by nitrate. 

The values of 6[P]/5:—8[P’|/8¢ are given in 
Table 2. Due to the experimental errors in- 
troduced in the computations, it is impossible 


Table 2 

Values of 6[P]/ét—é[P']/dt in Each Layer 

for Each Period (unit: zg./1./month) 

Depth(m.) 0 100 200 400 
! t ! 

100 200 400 — 6U0 


600 
800 
at Station 3 
'50 JAN, -FEB. -10 -4 +1 -2 
FEB. -MAR, + 2+4+6 +29* 
MAR,-APR, -- +1 414 +4 
APR. -MAY _ +5 —7 —13 
MAY-JUL. + 0 Oo =2 
'50 DEC. -'51 FEB. — 3 0 +5 4+3 
at Station 6 
'50 JAN, -MAR, -2 -1 0 —4 
MAR.-APR, = —-4 4+3 -2 
APR.-MAY + +3 +17* +36* 
MAY-JUL. — —6* —14* —20* 
'50 DEC,-'51 FEB, ) -—-1l —1 


—16 


+ 6 
+ 3 
+11* 


to deduce the correlation between nitrate and 
phosphate from most of the values. But from 
the values which were marked by *, it can 
be concluded that net increase or ;decrease of 
phosphate has occurred. 

As above mentioned, it is evident that the 
deviations from Cooper’s normal ratio have 
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occurred in this sea region. 

As the causes of deviation, the following 
may be assumed: 

1. The effect of coastal water masses in 
which the ratio of N/P is different from the 
normal ratio. 

2. Increase in amount of planktons, of 
which the N/P ratios are widely different 
from the normal ratio. 

8. Difference in rates with which nitrate and 
phosphate are regenerated in decomposition 
processes of dead marine organisms. 

It is difficult to decide among these three 
causes, which one is the most probable for 
the elucidation. But in view of the peculiar 
features of the sea region under question, (1) 
should be discarded. (2) is the most improb- 
able one. Consequently, (3) is the most pro- 
bable. But plankton populations in the upper 
layers of the Kuroshio in the region under 
question correspond to phosphorus content 
equivalent to 0.5-2 yg./L, and it can not give 
a decisive explanation for the deviation of N/P 
in the intermediate layers. Abundant plankton 
populations, such as found in the Oyashio, 
which is a cold current originating in the 
northern part of the North Pacific and pene- 
trating under the Kuroshio, must be taken 
into consideration as the cause of deviation 
in N/P. 


Summary 


Data of nitrate and phosphate detrminations 
have been selected from those of the Zunan- 
Kuroshio observations which were made from 
January, 1950 to February, 1951, and their 
seasonal variations were investigated with ref- 
erence to N/P ratio. 

As a result, it was proved that no change 
was recognised in deep layers (400-800 m.) at 
Station 6 (in the main current of the Kuro- 
shio) throughout the period, but deviations 
from Cooper’s normal ratio were found in 
surface and subsurface layers. The cause of 
these deviations may partly be due to the 
decomposition processes of dead marine organ- 
isms. 


The author is sincerely indebted to Prof. K. 
Kimura, Dr. Garbin, Dr. M. Migita and Dr. 
T. Abe for their kindness in giving him critical 
discussions of this subject-matter. 


Tokai Regional Fisheries Research Laboratory, 
Tokyo, Japan, 





Yutaka Miranara 


[Vol. 25, No. 5 


Adiabatic Compressibility of Aqueous Solution. I. Dicarboxylic 
and Oxycarboxylic Acid* 


By Yutaka MIYAHARA 


(Received May 5, 1952) 


In a series of investigations, carried out in 
this laboratory®®) and_ elsewhere,“ © © 
concerning the ultrasonic velocity measurement 
of aqueous solution, it has been shown that 
the adiabatic compressibility of solution is 
intimately related to the hydration of solute. 
The present study concerns the results obtained 
with dicarboxylic and oxycarboxylic acid 
solution. 


Experimental 


The ultrasonic velocity was measured by an 
ultrasonic interferometer. The wiring diagram is 
shown in Fig. 1. The frequency of ultrasonics 


ans | 


rig. 1. 


was 1090 KC, The constant frequency applied 
during each measurement was obtained by ad- 
justing it to the same frequency of commercial 
radio (JOAR) by heterodyne method. The dia- 
meter and resonance frequency of X-cut crystal 


- 


used were 20mm. and 1270 KC respectively. The 


* Presented at the Fifth Annual Meeting of Chemical 
Society of Japan held at Tokyo on April 6, 1952. 

(1) Y. Miyahara and H. Shilo, J. Chem. Soc. Japan, 72 
876 (1951). 

(2) Y¥. Miyahara and H. Shiio, J. Chem. Soc. Japan, 73 
1 (1952). 

(3) Y. Wada, G. Shinpo, M. Oda and J. Nagumo, Oyo 
butsuri (J. Applied Phys. Japan), 17 257 (1948). 

(4) T. Yasunaga and T. Sasaki, J. Chem. Soc. Japan, 72, 
87 (1951). 

) 'T. Yasunaga and T. Sasaki, J. Chem. Soc, Japan, 72, 
366 (1951). 

(6) T. Sasaki, T. Yasunaga and H. Fujiwara, J. Chem. 
Soc. Japan, 73, 181 (1962). 


precision of each measurement of sound velocity 
was +(.02 percent. 

The materials used were recrystalized from G. 
P. or E. P. grade chemicals in trade. 


Results and Discussion 


As has been well known, adiabatic com- 
pressibility is related to sound velocity in the 
following formula; 


(1) 


where D and ec are density and velocity of 
sound respectively. And as reported in the 
previous paper (see appendix), we have the 
following relations between compressibility and 
hydration; 


K V K ( Dn Kn ) 
=> — = UA om 
' 0 ; Dy Ky 
- D;—2 
i 


where we set up the following notations; 


K +++-adiabatic compressibility of solution, 

K,+++:adiabatic compressibility of hydrated 
water, 

Ky*++:adiabatic comresssibility of water, 

v_++++volume of hydrated water in 1cc. of 
solution, 

D,,--+-density of hydrated water, 

D,:+-+-density of water, 

D;--+-density of solution, 

z-++-concentration of solute in gram per 

1 ce. solution. 


For a mole of solute, we have 


KM Dr», Kn ) 
K, = =U; 4 _-— A 
7 ta ( Dy ky (4) 


where M is molecular weight, v;,’ the volume 
of hydrated water per mole of solute. 

The obtained values of c/ey (where cy is 
sound velocity in water), «/K), Vy and K at 
20°C, are given in Table 1~8. 
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Table 1 When a molecule has several radicals which 
Malonic Acid interact with surrounding water molecules, 
xg./ec. e/ey x /k, Ve K Kn may be represented by the sum of each 
0.0851 1.0047 0.9782 0.9776 —0.0006 Component of individual radical; 
.0462 1.0062 0.9715 0.9705 —0.0010 
0.0462 1.0062 0.9715 705 0.001 Kn=5 Kr 
Table 2 . 
Succine Acid To testify this we would chose the values of 
Kw, r for each radical rather arbitrarily as are 
shown in Table 9. In Table 10, the calculated 
values fof Km using these Kyn,, values are 
given. The coincidence between the experi- 
mental and calculated values are fairly good 
except in the case of citric acid. 


ag.Jec. ley  «/K, Ve K 

0.0274 1.0050 0.9822 9806 —0.0016 
0.0384 1.0066 0.9756 -9732 —0.0024 
0.0302 1.0054 0.9803 -9790 —0.00I3 


Table 3 


Glutaric Acid 
a Table 9 
wg.joc. ¢/C, Kr] Ky Vo K 


0.0847 1.0076 0.9766 0.9739 —0.0027 Radical 
0.0254 1.0053 0.9834 0.98309 —0.0025 —OH 

_CH,— 

Table 4 —COOH 


Oxalic Acid Table 10 


oe pind ti . 0 ghee Acid OH CH,COOH Ky, cal. K;,, obs. 
-0392 -008 0.976 979% 0.0032 . 
0.0088 1.008 76k : Malonic 0 1 
0.0260 1.0020 6.9838 . 9864 0.0026 : me 
‘ Succinic 0 2 
0.036L 1.0028 0.9780 0.9806 0.0026 : ‘ E 
Glutaric 0 3 
0.0265 1.0021 0.9832 -9863 0.0031 . 
d: 022 0 4 ».00n7  Omallic a 
0.02 -0022 0.9822 9849 0.0027 . 
oodles 7 Malic “ae 
Table 5 Tartaric 


Tartaric Acid Citric 
Maleic anh. — 


Glucose 5 


0.5 —2.6 
=—7.0 —6.6 
—14.5 —I11.2 
8.0 8.0 
10.0 10.1 

27.0 37 

6.5 21 
— —6.3 


>40.0 440) 


NS bo bo 


” 
2 
y 
” 
2 


we 


ag.jec. ¢/¢y K/ Ky Vo K 

0.0481 1.0095 - 9608 - 9732 0.0124 

0.0290 1.0053 -9770 - 9838 0.0068 

0.0286 1.0054 0.9772 0.9838 0.0066 It is interesting that the value of Kn, of 

0.0897 1.0076 0.9682 0.9777 0.0095 methylene radical is shown as negative. It 
means rather formally from (4) that; 


~ 


Table 6 D in 

Citric Acid i Fe for —CH,— (6 
xg./ec. Cc], «/Ky Vo K : : 
0.0336 1.0053 0.9764 0.9798 0.0034 However, it is not intended here to discuss 
0.0475 1.0079 0.9657 0.9719 0.0062 the physical meaning of each term in (4) 
0.0308 1£.0048 0.9784 0.9816 0.0032 quantitatively. To state qualitatively, it is 
0.0357 1.0057 0.9749 0.9785 0.0036 certain that the negativity of Km,» may be 

attributed to the hydrophobic nature of 

Table 7 methylene radical. 

Malic Acid 
xg./cc. c/ey K/ Ko Vo K Appendix 
0.0081 1.0014 0.9942 0.9949 0.0007 
0.0336 1.0058 0.9763 0.9789 0.0026 
0.0264 1.0045 0.9815 - 9834 0.0019 


Compressibility of diluted aqueous solu- 
tion. @) 
The volume of solution V, containing 2, 
solute, may be represented by the sum of 
oS olume of solute in the soluti i hydrated 
Maleic Anhydride volume of solute in the solution vm, o y rated 
water v, and of non-affected water V9’; 
zg./ec. cfc, K/ Ky Ve 


0.0397 41.0054 0.9763 0.9736 V=Vo'+mttn (1a) 
0.0420 1.0056 0.9752 0.9721 
0.0488 1.0069 0.9704 0.9677 If we assume that compressibility of such 
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solution is represented by the sum of that of 
each cOmponent in their volume ratio, we 
have; 


K 
V 
where &, is compressibility of solute molecule. 


For one cc. of solution (2a) becomes 


K Ky, 


Kin 
=Vy'+ Un —— + Un 
Ky Ky Ky 


and 


, 
Vo =1— Um—UVh 


In terms of density, (4a) takes the form 


Yoshimichi Taniro, Yoshihiko Sarro and Hisao Kuroya 
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DV)’ =D:—Dmin—Dnrvn 
and as 
UnDm =z 
(8a) becomes 


D.—-t « Dr 


ieiseenn gins tas _, fa 
D, Ko ( ~~ 


For a molecular solution, the compressibility 
of the molecule can be assumed to be zero, 
and we obtain (2). 


Chemical Institute, Faculty of Science, 
Nagoya University, Nagoya 


The Crystal Structure of ‘“‘ Dichrochloride ’’, |Co( NHs)sH2OCl| Cl 
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Introduction 


Crystals of dichloro-aquo-triammine-cobalt 
(III) chloride (“ dichrochloride ”), [Co (NH,)s- 
H,OC1,|Cl, is well-known for its marked red- 
blue dichroism. According to Matsuno this 
modification of [Co( NH;),H,OCI,]Cl has trans- 
configuration with respect to the two chlorine 
atoms. Stelling@) has examined the fine struc- 
ture of K-absorption edge of Cl atoms in this 
substance and has come to the same conclusion 
about its configuration. 

We have taken up the crystal structure 
investigation of this complex salt in order to 
give direct proof of the configuration of the 
complex ion and also to correlate its structure 
with its anisotropy in absorption of plane 
polarized light by crystals. 


The Unit Cell and Space Group 


The material used in this investigation was 
prepared according to the method of Meyer, Dirska 
and Clemens. The crystals for X-ray work 


(1) K- Matsuno, J. Coll. Sct. Imp. Univ. Tokyo 41, Art. 
10, 4, (1921). 

(2) O. Stelling, Ber. 60, 652(1927); Z. Phys. 50, 520(1928). 

(3) J. Meyer, G, Dirska und F. Clemens, Z, anorg. Ch. 
139, 357 (1924). S. M. Jérgensen, Z. anorg. Ch. 14, 418 
(1897). 


have been grown at room temperatures from: 
concentrated solution by adding an equal yolume 
of 6N hydrochloric acid very slowly through a 
funnel fitted with a capillary tube. These crystals 
belong to the hexagonal holohedral class and are 
usually thin needles, showing faces (1010) and 
(LO1L), or rarely tabular in habit with (0001) ex- 
tended. A crystal rod of less than 0.3mm, in 
diameter and another one with no dimension 
larger than 0.3mm. were selected for taking 
oscillation photographs around c- and a-axes, A 
complete set of oscillation photographs were pre- 
pared using Fe K, radiation (A=1.937 a.), which 
gave the dimensions: 


a=7.37 a. and c=8.75 a.* 


From the size of the unit cell and the density 
1.908 g./em.*, the number of formula units in 
the unit cell was calculated to be two, the cal- 
culated density being 1.891 g./cem.* Oscillation 
photographs taken about the c-axis with the [1010} 
as well as [1120] axis at the zero position of oscil- 
lation indicated the presence of mirror planes 
parallel and perpendicular to the c-axis, hence the 
Laue symmetry was found to be Dg,-6/mmm. 
General reflections (2kil) occur in all orders, Re- 
flections (2h/) are present only with /=even. 
The space group is therefore one of D};,-C6/mme, 


%* Even very heavy exposure (50 hrs.) indicated no 
evidence for larger unit cell size. 
(4) E. Birk, Z. anorg. Ch., 158, 114 (1926). 
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Cyr-6/me or D*y,-C62c. 


The Atomic Arrangement 


The intensities were estimated visually using 
the timeexposure calibrated strip, taking into 
account the shape of specimens in relation to 
absorption. Structure factors were deduced from 
these intensity data in the usual way, which are 
shown in Table 1. 

At first an attempt has been made to assign 
approximate co-ordinates for heavy atoms. In 
the space group Dj%,, Cj, and Dj}, the general 
positions are 24 fold, 12 fold and 12 fold respective- 
ly. Since there are two formula units, [Co(NH;);- 
H,OCI,]Cl, in the unit cell, 2Co, 4C1(1) and 2C1(2) 
may either occupy sets of two fold special posi- 
tions, or alternatively Cl(l) may occupy one set 
of four fold positions. The intensity of reflection 
(0004) is the strongest by far compared with the 
rest, which suggests all the atoms might be nearly 
in phase for this reflection. In general the reflec- 
tions (hkii) are strong when h-k=3n and l=2n. 
These characteristics for retlections combined with 
the results of trial calculations of structure 
amplitudes (2ki/) at once lead to the following 
arrangement of heavy atoms based on the space 
group D},-C6/mme: 


2Co in 2(¢) 1/3 2/3 1/4; ete. 
2C1(2) in 2(a) 000; ete. 


and 4Cl(l) in 4(f) 1/3 2/3 z; etc. with z=0. 

It is almost evident that the signs of the struc- 
ture factors for a complete unit would be deter- 
mined mainly by these atoms. In order to deter- 
mine the z-parameters of Cl more accurately, the 
three dimensional Fourier synthesis of the electron 
density along a line (1/3 2/3 z) was evaluated using 
all the F (Akil)’s, whose signs were known fron: 
the arrangement of the heayy atoms. As shown 
in Fig. 1, this lead us to fix the z-parameter at 
—0.016, 


Fig. 1.—p(1/3 2/3 2). 


It seems reasonable that in this crystal there 
are complex ions with octahedral co-ordination, 
—that is, three molecules of ammonia and one 
water molecule are in the plane of Co atom form- 
ing a distorted octahedron together with two 
Cl (1) atoms up and down the plane, where Co-N 
and Co-O distances are supposed to be between 
1.90~2.004. In the space group Dj, and its 
subgroups the proper syminetry of the special 
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position (1/3 2/3 1/4) is ditrigonal or trigonal. 
Such symmetries cannot be achieved by any 
regular static arrangement of the complex ions so 
oriented as the positions of Co and Cl(l) atoms 
demand. Then we are entitled to assume some 
kind of statistical arrangement of these octahe- 
dral complex ions. The observed intensities are 
satisfactorily accounted for by means of the 
space group Dj,-C6/mme, if the atomic arrange- 
ment of N and O atoms are assumed as follows: 


6N and 20 in 12 (j) xy} ete. with 
«y= 0.938, y;=0,451 and x_g=0.117, yg=0.372. 


N and O atoms are statistically distributed 
on these twenty four positions with weights 
1/4 and 1/12 respectively. 


These parameters were chosen in such a way 
that the Co-N and Co-O distances bocome 1.96A. 
It was not thought worth while to determine 
these parameter values very accurately as they 
scatter very poorly compared with other heavy 
atoms. The electron distribution in the plane of 
a cobalt atom, p(ry}) was synthesized using all 
the observed F’-values whose sign was calculated 
from the positions of all the atoms in the unit 
cell. The result is shown in Fig. 2. The central 


Fig. 2.—Part of the electron distribution, 
e(ty }). Contours at arbitrary intervals. 


peak represents a cobalt atom and the only other 
regions of high electron density lie about the 
cobalt peak at distances of about 2A. and are 
separated by an almost circular minimum. The 
maxima making up the region surrounding cobalt 
are twelve in number, though not fully resolved, 
and are quite a satiafactory representation of 
statistical orientation of octahedral complex ion 
with its Cl-Co-Cl axis normal to the plane of 
section, as shown in Fig. 3. This result is quite 
consistent with the previous assumption of Co--- 
NH, and Co---H;9 distances. 
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The observed and calculated structure factors 
are listed in Table 1. In the calculation of the 
structure factors the atomic scattering curves in 
Internationale Tabellen (1935) were employed. For 
NH; and H,0 appropriate corrections for embed- 
ded hydrogen atoms were made. A correction 
for the anomalous dispersion of the cobalt atom 
was taken into account. The effect of thermal 
motion was taken into consideration by multiply- 
ing the calculated F-values by a temperature 
factor exp—Bysin@/A)?, where B=2.5a2 The 
value of R= | |Fo|—i Fe\|/S| Fol was 0.137 for 
all (hkil) reflections. 


Description of the Structure 


The structure belongs to a new type and 
the schematic representation is shown in 
Fig. 4. It is most easily described as NiAs 
type, consisting of octahedral complex 
Fig. 3.—Statistical azimuthal] orientations of radicals [Co(NH;),H2OCIs]* and Cl~ ions. 
the complex ion. The figure corresponds Interatomic distances are given in the 
to Fig. 2. following: 
Table 1 Co--Cl(l) 2.33.4. Cl@)---Cl@) 4.38 .4., 
Observed and Calculated F’-values 
Cl(l)---Cl@) 4.28 4, 
hkil = Fobs. Feate. hkil = Frobs. 
1010 31 —31.2 3032 13 
2020 10 —6.7 4042 15 
3030 86101 95.0 5052 ~- 
4040 18 —14.0 1122 54 
5050 9 —6.5 2132 14 
6060 28 36.§ 3142 
1120) «112 98. 4152 
2130 16 —18. 5162 
3140 19 —18. 2242 
4150 62 56. 3252 
5160 9 —8. 4262 
2240 89 2. 8362 
3250 18 
4260 8 
3360 86 46 
4370 8 


~ 
= 


1013 ‘ Fig. 4.—Crystal structure of “dichrochloride”, 
20238 2 [Co(NH,),H,OCIJCl. The small circles re- 
3033 . present metal atoms and the medium circles 
4043 represent NH, and H,0 molecules. The 
1011 ° 5053 largest ones indicate Cl atoms. Each com- 
2031 ¥ 2133 plex ions are shown as taking one of their 


CR | 
CNeESBOwWOKOS 


3031 3143 possible azimuthal orientations. 
4041 ° 4153 
5051 ‘ 5163 A complex ion has six Cl- ions at the apices of 
6061 s 3253 96 a trigonal prism. The proper symmetry of a 
2151 P 4283 cobalt atom is Ds,—6m2 and the azimuthal orien- 
wee a tations of the octahedral complex radicals are not 
ma fixed in space but they are statistically arranged 
A151 0004 in such a manner that the symmetry becomes 
5161 Dsn; in other words, the octahedral complex ion 
3251 seems to occupy one of the three equilibrium 
4261 positions in such a way that one of the four edges 
4371 of a square consisting of 3N and O atoms becomes 
parallel to one of the three principal axes, 
the positions of Co and Cl (1) being fixed. Two 
0002 chlorine atoms are in trans-coordination, being 
1012 28. . 2.384. from a cobalt atom. This result is in 
2022 . satisfactory agreement with the value 2.33a. 
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obtained in the case of {Coen,Cla] Ci- HC) 
2H20. 


Some Remarks on the Optical 
Properties 


The crystals of “ dichrochloride” have excep- 
tionally marked dichroism, They appear blue 
when the electric vector is parallel to the c-axis, 
whereas they appear red when the light is pola- 
rized perpendicular to the c-axis. All the complex 
ions are arranged in the crystal with the Cl-Co- 
Cl direction parallel to the c-axis. The fact that 
the crystals appear blue when the light is polarized 
along the Cl-Co-Cl direction is quite consistent 
with the results obtained in tne case of [Coen2- 
Cl.",]01- HC1-2H,0@ crystals. Detailed discus- 
sion of dichroism of this crystal will be given 
later, after the quantitative measurement of the 
absorption. spectra with the polarized light has 
been completed, 


Summary 


An X-ray diffraction study of crystals of 
dichloro-aquo-triammine-cobalt (III) chloride 
eads to a hexagonal unit of structure with 


(5) A, Nakahara, Y. Saito and H. Kuroya, This Bulletin, 
25, 331 (1952). 


The Crystal Structure of Trans-dichloro-diethylenediamine-cobalt 


(11]) 331 


a=7.37 A. and c=8.75A., containing two for- 
mula units in it. The most probable space 
group is Din—C6/mme. For an accurate de- 
termination of the structure, the method of 
three dimensional Fourier series was used. The 
determined structure is most easily described 
as NiAs type, consisting of |Co(NH;);H.OCI,|* 
and Cl~ ions. Two chlorine atoms are co- 
ordinated to a cobalt atom in trans-positions 
with respect to each other, each being 2.33 A, 
from the cobalt atom. The Cl-Co-Cl direction 
being parallel to the c-axis, the octahedral 
complex ions seem to have statistical azimu- 
thal orientations in the crystal and the ap- 
parent symmetry of the complex ion is D,,— 
6m2. Such an arrangement of the complex 
ions in the crystal may well account for the 
marked red-blue dichroism of the crystals. 


The authors desire to express their hearty 
thanks to Profs. I. Nitta and R. Tsuchida of 
the Osaka University for their kind advice 
and encouragement during the course of this 
study. Thanks are also due to the Depart- 
ment of Education fur a grant. 
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Introduction 


The crystals of hydrochloride dihydrate of 
trans-dichloro-diethylendiamine-cobalt (III) 
chloride, [Coen,Cl,]Cl-HCl-2H,0, are grass 
green in color, and show an easily perceptible 
pleochroism which may be mainly attributed 
to the polarized absorption of light by the 
trans-dichloro-diethylenediamine-cobalt (III) 
ion itself. We have investigated the crystal 
structure of this substance for the purpose of 
determining the shape and size of the complex 
ion and also to correlate this structure with 
the absorption spectra of crystals. 


- Experimental 


The substance was prepared by the method of 


Werner.“> The crystals used in this investigation 
were grown from aqueous solution containing 
strong hydrcchloric acid by slow evaporation at 
room temperatures. They belong to the mono- 
clinic holohedral class and are tabular on (100), 
showing faces (011) etc. The crystals show well- 
formed faces, but when exposed to air they 
rapidly lose part of the water and hydrogen 
chloride of crystallization and begin to disinte- 
grate. To prevent this, crystals used for X-ray 
measurements were coated with vacuum grease. 
Their dimensions were 0.10.15 x0.01 cm. 
Oscillation photographs about [010] and [001] 
were prepared using Fe K, radiation (A=1.937A.). 
They gave for the dimensions of the unit cell: 
c=9.09 a. 


a=10.684,, b=7.894., 


(1) A. Werner, Ber., 34, 1733 (1901). 
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and #=110°26'. 


From the size of the unit cell and the density, 
1.653 g./em.*, determined at 10°C by the pykno- 
meter method, the number of the formula units 
in the unit cell was calculated to be 2.01=2, 

Observed extinctions were (20/) for /=odd and 
(OKO) for k=odd, whence the space group is 
c- P2,/¢. 

The intensities of reflections were estimated by 
comparison with a time-exposure calibrated strip. 
They were converted into structure amplitudes 
in the usual way. 


Determination of the Structure 


In the space group Cn. — P2,/¢ the general 
position is fourfold, and since there are two formula 
units, [Coen,Cl,JCl-HC1-2H,9, in the unit cell, it 
follows that the cobalt atoms must lie in special 
positions. These special positions are the sym- 
metry centers. 

As the first step in the structure determination, 
Patterson projections on (OLO) and (JOLl) were 
made, using the (20l) and (240) data respectively. 
In the projection upon (010) the peaks close to 
the origin were readily identified as corresponding 
to the Co—Cl interatomic distances within the 
{Coen,Cl,j* complex ion and the Cl--Co—Cl 
direction was found to be nearly parallel to the 
c-axis, All other peaks on both projections, P(xz) 
and /P(xry), were easily interpreted in terms of the 
Co—Co, Co—Cl and Cl—C! interatomic distances. 
At this stage, however, it was not possible to find 
the approximate parameter values of Co and Cl 
atoms without ambiguity, as there exist various 
possibilities. In order to decide adequate ones 
among these, (k/) reflections were considered. 
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Approximate parameter values for Co and Cl! 
atoms could then be determined uniquely, while 
those for other lighter atoms remained unfixed. 
As the next step, the projections of the electron 
density upon (O10). and (001) were synthesized 
using the F(201)’s and F'(hk0)’s respectively, the 
signs of which were calculated from the arrange- 
ment of the heavy atoms. The projections so 
obtained showed the heavy cobalt and chlorine 
atoms quite clearly resolved, together with rather 
faint outlines of other atoms in the unit cell. 
Particularly the projection upon (001) showed the 
ethylenediamine ring very clearly resolved, Using 
these projections, together with our knowledge 
about interatomic distances, it was possible to 
assign approximate coordinates for all other 
lighter atoms including two :nolecules of water 
of crystallization. By the method of successive 
approximation the final projections including all 
observed F’s were obtained. The results are shown 
in Figs. 2 and 4, which may be interpreted with 
the aid of Figs. 1 and 3 respectively. The atomic 
parameters determined in this way were finally 
adjusted by small amounts to obtain the Lest 


Table 1 
Final Parameters 

a/a y/b zie 

0 0 0 
0.0386 —0.072 0.260 
0.328 —0.363 0.260 
0.092 0.219 0.069 
0.175 —0.107 0.019 
0.225 0.196 0.056 
0.273 0.015 0.108 
0.480 —0.340 0.030 


Fig. 1—Projection of the structure upon the plane (010), 
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Table 2 
Observed and Calculated Structure Factors 
hkl Fobs, Feale. 
702 9 6 
702 6 
704 2 
704 | 
706 6 
708 6 
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Fig. 2.—A Fourier projection of electron density upon (OLO’”., The projection 
corresponds to Fig. 1. Contours at arbitrary intervals. 





@ sing 


Fig. 3.-Projection of the structure upon a plane normal to the c-axis. 


Units marked B are 


derived from those marked A by the operation of a glide plane “¢” parallel to (010), 
Group3 [H,0...H...H,0]* are indicated by dotted lines, 


agreements between the observed and calculated 
F’s, <A list of the tinal parameters is given in 
Table 1. In the caleulation of the structure 
factors, the atomic scattering curves in Inter- 
nationale Tabellen (1935) were employed and 
corrected for temperature according to the Debye- 
Waller formula, the constant B being given the 
value 2.5 A? 

The agreement on the whole is quite good and 
the values of R= | Ko — Fe |/3E Fo are 
0.194, 0.228 and 0.279 for (201), (2kO) and (047) 
respectively. Tie larger values of R for the (0k) 
zone may be attributed to the less accurate values 
due to absorption. 


Description of the Structure 


Figs. | and 3 show the structuré projected upon 
(OLO) and a plane normal to the c-axis respec- 
tively. The interatomic distances and interbond 
angles calculated from the parameter values are 
listed in Table 3. 

In Fig. 5 is shown a perspective drawing of the 
[CoengCle]* ion. The cobalt atom lies at the 
center of symmetry. Two chlorine atoms are 
co-ordinated at a distance of 2.33 A. to a cobalt 
atom in trans-positions, The line joining them 
is perpendicular to the plane in which the four 
nitrogen atoms of the two ethylenediamine mole- 
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Fig. 4.—A Fourier projection of electron density upon a plane norma! to 
the c-axis. The projection corresponds to Fig. 3. Contours at arbitrary 


intervals. 


Fig. 5.—A perspective drawing of the complex 
ion, {Coen,Cl,]*. 


Table 3 
Interatomic distances (in a.) and 
interbond angles. 

2 = i N (bl) 

1.98 
-00 
-48 
47 
55 
110° 
108° 
104° 
108° 


ZCON,C, 
ZCoNAC, 


HD 


cules were found to lie. Within the errors of 
experiment these ligand atoms (4 N and 2 C)) 
form a distorted octahedron around a cobalt atom. 
The C—© distance of 1.55 a. as well as the C--N 
distances, 1.47 a. and 1.48 a., although not very 
reliable because these atoms were not fully re- 
solved in the projection upon (010), are in good 
agreement with the well-known values of C—C 
and C—N distances respectively. 


It is interesting to note here that the ethylene- 
diamine molecules are present in the “ gauche” 
forms; there are two kinds of “gauche” mole- 
cules in the crystal, the one being the mirror 
image of the other, and moreover, these two kinds 
of molecules are co-ordinated to a cobalt atom 
in such a way that the one is related by the 
operation of a center of symmetry to the other. 
Referring to Fig. 1, it is evident that these 
complex ions are arranged in layers parallel to 
the plane (100). The Cl—Co—Cl bond direction 
is inclined to the plane (010) at an angle of 14.5° 
and the projection of this direction upon (O10) 
makes an angle of 10° with the c-axis. The 
closest distances of approach between the complex 
ions in the layer are found to be 2.91 a. between 
Cli) atom of one complex ion and N(1) atom of 
the adjacent. Thus the complex ions are held 
together in layers by these Cl...N bonds. A pro- 
jection of a single layer of [CoengClg]+ is shown 
in Fig. 6. Between these layers are arranged the 
Cl- ions and H,0 molecules, both occupying 
general positions. A complex ion has four nearest 
Cl- ions. The closest approach of a complex ion 
and Cl- ion is between N(2) and Cl-. The Cl-... 
N(2) distances are 3.00 and 3.31 a. which may 
be compared with the values found in the case 
of methyl ammonium chloride crystals. 

The positions of H cannot in general be deter- 
mined by the method of X-rays; however, the 
fact that two molecules of water of crystallization 
form a pair with O...0 distance of 2.66 a. and 
this pair is surrounded exclusively by Cl- ions 
strongly suggests the existence of a group [H,0... 
H...H,O}+. A molecule of H,0 possesses two Cl~- 
ions at 2.90 a. and 3.064., thus every group, 
pH20.--H..-Hs0]*, is surrounded by four Cl~ ions- 


@) E. W. Hughes and W. N. Lipscomb, J. Am, Chem. 
Soc., 68, 1970 (1946). 


¢ 
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Fig. 6. Projection of a single layer of [Coeng 
Cl,]* upon the plane (100), Only positions 
of Co, Cl(i) and N atoms are shown. Cl... 
N(2) bond directions are indicated by broken 
line. 


Remarks on the Optical Properties 


Thin tabular crystals extended on (LOO) appear 
blue when the electric vector is parallel to the 
c-axis, while they appear yellowish green when 
the light is polarized along the b-axis. Such 
striking dichroism may be reasonable, since there 
is a large component of the Cl—Co—Cl bond 
along the c-axis. This result cannot be considered 
to be in full agreement with the conclusion 
obtained by Yamada and Tsuchida, who have 
measured microscopically the absorption of the 
crystals of the praseo-salts.* Detailed discussion 
will be given in reference to the absorption of 
the crystals of the “ dichrochloride”, the crystal 
structure of which has been determined recently 


(3) S. Yamada and R. Tsuchida, This Bulletin, 25, 127 
(1952). 

(4) Y. Tanito, Y. Saito and H. Kuroya, This Bulletin, 
25, 328 (1952). 

* a,b and c-axes adopted by Yamada and Tsuchida 
correspond to c, > and a-axes in the present, paper re- 
spectively. 
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by the present authors;‘ the absorption measure- 
ments of the dichrochloride are now in progress. 


Summary 


The crystal structure of trans-dichloro- 
diethylenediamine-cobalt (III) chloride hydro- 
chloride has been determined using the rotation 
method (Fe KyA=1.937 A.). The substance 
crystallizes in a monoclinic lattice with two 
formula units in the unit cell, the dimensions 
of which are a=10.68A., 6=7.89 A., C=9.09 A. 
with 8=110°26. 

The determined structure seems most easily 
described as consisting of layers of |Coen,Cl,] * 
ions parallel to the plane (100) and those of 
Cl~, H.O and H*. Two chlorine atoms are 
co-ordinated to a cobalt atom in trans- positions. 
The line joining them is perpendicular to the 
plane in which four nitrogen atoms are found 
to lie. The dimensions of a complex ion are 
given. The water molecules probably form a 
group [H,0...H...H.O]* together with a 
proton, O...0 distance being 2.66 A. These 
groups are located between them. The dichro- 
ism of the crystal is discussed on the basis 
of the determined structure. 


The authors desire to express their hearty 
thanks to Profs. I. Nitta and R. Tsuchida of 
Osaka University for their kind advice and 
encouragement in the course of this study. 
Part of the cost of this study has been defrayed 
from the Scientific Fund from the Ministry 
of Education, to which the authors’ thanks 
are due. 


Institute of Polytechnics, Osaka City 
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Introduction 


While the thermodynamic systems involved 
in the problems of fractionation of high 


polymer are essentially multicomponent ones, 
they are normally simplified or approximated 
by assuming that the mixture of two solvents 
behaves as a homogeneous liquid with resspect 
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to the polymer.©®@) Although this single 
liquid approximation is useful in obtaining 
semi-quantitative information concerning the 
polymer-mixed solvents interaction, it requires 
that the proportions of the two liquids are the 
same in both phases or in both sides of the 
membrane: Employing the single liquid ap- 
proximation and some other approximation 
methods, Scott) has considered the problems 
of phase equilibria in a ternary system of 
polymer and two liquids. The free energy 
expression in his treatment contains, however, 
two serious assumptions which are not always 
applicable to the practical cases. Namely, 

(a) the interaction energy between unlike 
pairs of molecules of the constituents is the 
geometric mean of those between respective 
like pairs (the Scatchard’s approximation). 

From this assumption Scott derived the 
heat of mixing in the ternary system by 
employing two constants A;,;, As; characteristic 
of the corresponding binary systems, polymer- 
liquid 1 and polymer-liquid 2. 

(b) the unit submolecule of the polymer 
and the molecules of the two solvents are all 
the same in shape and size. 

Concerning the above two assumptions, the 
free energy expression will be refined and the 
single liqnid approximation will be discussed 
in the present paper. 


The Heat of Mixing of the System 


Scatchard has shown that if we make an 
assumption entirely equivalent to a binary com- 
ponents system we obtain for the heat of mixing 
in the ternary system 


\ , s ae: 
AT yon = Vin (A pgdsto+ A gts A ag?'9s)s 


Vaz vy Vyt+%QVat"3V'3, (1) 


where the .1’s are the constants characteristic to 
each pair of the components, the ~’s volume 
fractions, the «’s mole fractions and the V’s molal 
volumes of the constituents. Differentiation leads 
to the partial molat heat of mixing, 


AH, = Vs Ayat's? + Aqgve?-+ (Ajyg+ Ayg— Agy) qv] (2a) 
AHg= Vf Ayqvy?+ Agyts? + (Ayo+ Aoy— Ajq) 0,04] (2b) 
AH = Vs Aqgty?+ Aogvs?-+ (Ag+ Aag— Aya)e yr). (2€) 


Without the assumption (a) previously noted, 
we can derive the partial molal heat of mixing 
4H,, corresponding to the single liquid approxi- 
mation, directly from Eq. (1) as follows; when 


(1) RB. 8. Scott, J. Chem. Phys., 13, 178 (1945). 

(2) G. Gee, Trans. Faraday Soc., 40, 468 (1944). 

(3) R. S. Scott, J. Chem. Phys., 17, 268 (1949). 

(4) G. Scatchard, J. Am. Chem. Soc., 56, 995 (1934); 
Trans. Faraday Soc., 33, 160 (1937). 
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the ratio of compositions of solvents 1 and 2 is 
constant, 


ON; = N2V 2, N, V3+NoabV2= (L+ONV; = NoVo; 
No=Nit+Nea, Vo=+0Vs/(L+0V;/V2), 


and then, Eq. (l) becomes 


SH™ jo3= Ayo{ NoV o/(1+0)} 
x {NoV 09 /(L+-0)}/ (NoVotNsV's) 
+ -Apn{ NoVo/ (L +0) } x NaV's/ (NoV ot NV) 
+ Aar{ NoV 99 / (L4+0)} x NVs/ (NoV o+NaV 2). (8) 


Differentiating with respect to No, 


AH, = Vo{(O/ L407) A yo(L — 05%) +{1/ (L409) Ayes? 
+[8/ L408) | Aagr'y?} = Vo{—[0(L+0)7) Ayo 
+[L/(L40)] Ags +10 / (1+0)] Aas}t'3? 
+[0/(L+0)?V oA, (4) 


where the term [@/(i+0)7]VoAyg vanishes when 
the mixture of solvents 1 and 2 are assumed to 
be a homogeneous liquid. Hence, 


4H,= Vp Arora”, Agy= —[0/(L+0)7) Ayo 


LL / (L48) Apa +[0 / (1+) A99 . (5) 


The Entropy cf Mixing of the System 


The familiar expression of Huggins and 
Flory™ for the entropy of high polymer solutions 
may be written (binary system) 


AS= Rin W= — R{N,In.Ny/ (Ni 4+-7N;)] 
+ Ngln{vN3/ (Ny+4N5) |-+-u[ NyeN5/(Ni+N5) |}- 
(6) 
(The notation of this equation is similar to 
what is usually employed.) 


Here we adopt an approximate method intro- 
ducing the effect of volume difference between the 
polymer submolecule and the solvent molecule. 
At first, we consider a binary system of polymer 
3 and liquid 1, where the molal volume V, of the 
solvent differs from the equivalent quantity V; 
of the polymer submolecule. In hypothetical 
lattice sites the operation of packing the solvent 
molecules which are equal in size and shape to 
the submolecule in the remaining sites is exactly 
equivalent to that of setting the polymer mole- 
cules in the sites without considering the existence 
of the solvent molecules, (This situation leads to 
Eq. (6)) When V\>V;, however, the configura- 
tions of polymer molecules are constrained by 
larger solvent molecules. The total number of 


(5) Applying the “geometric mean rule” to Eq. (5), 
we can easily derive Scott’s result pgo={(4d1—B¢2)/ 
(d1+f2)}? in reference 3. 

(6) M. L. Huggins, J. Chem. Phys., 9, 440 (1941); Ann. 
N. ¥. Acad. Sci., 43, I (1942). 

(7) P. J. Flory, J. Chem. Phys., 9, 666 (1941); Ibid., 13, 
453 (1945). 
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different configurations in this case W'', will be 
obtained from W’, when N,V,/V3 is substituted 
for N, in the above expression of W (Eq. 8), 
multiplying by a factor due to the fact that 
V,/V., sites must be in one group. Thus, 
'_wr 7, | NyVs/Vat+2N, - 

Ww'=W x Wi/( arf, yo e 
where W, is the number of different ways in 
which N, molecules each occupying V;/Vs sites 
can be packed in (N,¥1/V3)+2N, sites without 
overlapping. Osawa) calculated W, for certain 
cases, but we may replace Rln W, with the usual 
expression of the entropy of mixing, 
— RL Nylnv,+Nelnve]. Thus, 


AS" = AS' — R{Nyln( N,V y/ NV +2NgV 5) ] 
+7Ngln[cNgV5/ (NV +-0Ng V5) 3} 
+ RUN V/V) IL NV / NV 4+7N3V'5)) 
+2N,ln[7N,V5/ (NV +27NaV 3} (8) 
where 4S'’=RinW’. 
And 
AS," = —RUV5/V5) (ine) + LL /a) e+ .097)} 
+{1—(V;/V3)} dny+2,) ] 
= RLV s/V0)03t (L/2—2.V4/Vee +: J. 


When V;>V;, simply, 


AS" = AS! (LO) 


45," = (V3/V) 48)" = — (RV, /Vp{Ine,4+ 1-1/2), 
+ 1.037] = RV y/Vy)[09/0+ (L/2— a, 0A +---]. (LD) 


This result agrees with the Flory’s formula. 
The first bracketed terms in Eq. (8), which 
correspond to W,, are considered to be the entropy 
change in the case when isolated xN, molecules 
were mixed with other .V; molecules different in 
size. The second bracketed terms, of course, 
My eens) 
NV3/Vs ; 


correspond to ( Thus it is easily 


seen that the first bracketed terms may be 
replaced with the usual expression of the 
entropy of mixing in a three components system 
— RLNiInv,+ Nelnv2+ Nj ln v,], when we deal with 
polymer-mixed solvents system. Therefore, 

when (1+0)V;/(l+0l',/la>V;, 


4S" = 4S’ 9— RUN LN V's / (NV y+ NV 2+ NGV')] 
+ NglnLNoV2/ (NV+ NoV2+2NgV'5)] 
+a Ngln[xNgV's/ (NV + NeVe+2NaV’s))} 
+RUUN Vi 4ANaVD) Valin VV 





(8) F. Osawa, Busseiron Kenkyu, 12, 27 ibid., 
14, 40 (1949). 

(9) Employing Osawa’s spproximation, the writer es- 
timated the effect of size and shape of solvents on 4S; 
for the solution of rodlike molecules (Vg>V,), and the 
result is included in Eq, (II) a8 a special case. This Bul- 
letin, 24, 264 (1951). 

(10) P. J. Flory, J. Chem. Phys., 10, 51 (1942). 


(1948) ; 
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+ NV) | (NV+ Nava NyVy)) 
+x N,ln[7N3V3/ (NV y+ NgVet+7NiV5) J} (12) 


where 4S’',, corresponds to JS’ in Eq. (8). 
Hence, 


4S," = — R{lney,4+ (L— V/V eo) vet+(l— V/V a) 05 
+(V,/Vy((—1/2)0,4+-2.7573} (13a) 


4S," = R{Inve+ (L— Vo/Vy)uy4+ (L— te/ V4)Us 


+ (Vo/V)[L—1/2) 3+ 4.037)} (L3b) 
When, (1+0)V,/(1+0V,/Vad<V3, 
AS" = AS’ 99 — RUN In{ N,V / (NV+ NeV')} 
+ Naln{ N2V'2/ (NV+ NeV'2)})« (14) 


Hence, 
48,1 = — (RV /V [ney + LL) og pty?) (15a) 
48," = — (RV 9] V3)(nvg+ LL /.1) r+ 0.032). (15b) 


Now we can write for the single liquid approxi- 
mation that 
AS = AS" + R{N InN Vy / (NV + Ne) ] 
+ Noaln{ NoV2/ (NV+ NV) I},0? 
Ny = NoVo/(L+0) V4, No=ONgVo/(L+0) V2, 
and then, expressing Eqs. (12) and (14) with No, 
N,, differentiation leads to 4S,'''; When V_>V3, 
ASo'"" = — R{ (Vo/ V_)[int9+ (L—1/2)044-1.02] 
+(L—Vo/Vq) (inve4-v;) } = RLV o/ V2) Xv, 


+ (L/2—p. Vig] V5) 057+ +--+ J. (16) 
When V,<V;3, 
ASo!"! = — (RV 9/Vp{lnv9+ (L—1L/2)v4+ 2.052) 
= (RVo/V3)[e3/e+ (L/2— poder}. (17) 


The Partial Molal Free Energy 


Combining the equations of the previous sec- 
tions for the partial molal entropy and heat of 
mixing, there is obtained for the partial molal 
free energy. 


When Vy(L+0)/(L+0V 4/2) >Va.0 
4F,= RT (in +(L—-V 5 /V vet (L-V5y/ Vd tg 
A (LAL /1) ey pty t+ Vy] RT Agr? + Ages 
+ (Aya -iyg— Ags) P2?5]} (18a) 


(11) The bracketed terms in Eq. (14) arise from the 
fact that the term 4S'sg means the entropy change of 
mixing polymer molecules with the hypothetical homo- 
geneous liquid assumed in the single liquid approxima- 
tion. Thus these terms vanish for the single liquid ap- 
proximation. This is also true for Eq. (12). It is easily 
seen that Eq. (12) and (14) can be also derived consider- 
ing two processes, namely, mixing of liquid 1 and 2, and 
that of polymer 3 and this «new liquid’. 

(12) These conditions result from our approximate 
treatment of the entropy term as discussed in the previ- 
ous section. 
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AF y= RT(inve+ (1—V2/V v4 —V'2/ Veg 
+ L-1/x) 054+ 2.024 (Ve/ RT) Aygo? + Agar s? 
+ (Ajat Aag— -f13)0y%5]}. (18b) 


When V,(1+6)/(1+0V,/V9) <V3,0% 
AF, = RT((Vi/V piney + 1-1/2) 04+ pa? 
+ (Vy / RT) Ayav a? + Aygvy? + (Aya Apg— 105) V0rs]} 
(19a) 


AF= RT{(Vo]V,)(Inve+ (L—L/x) 05+ p03?) 
+ (Vo) RIYA qty? + Aagds? + (Aya Aog— Ags) 0425 ]} 
(19b) 


For the single liquid approximation, 
when Vo>V;, 
— AF y= RT (V9/V30) 5 
+ (L/2— p.V9/Vn—VoAgn/ RT) 0574+ +++ ] (20) 


when V4<V,, 


— IF y= RT{(Vo/V){t/2 
+ (L/2—py— V4 Ago/ RT) 057+ +--+ j}. (21) 


Using the above Eqs. (18a, b) and (i9a, b), we 
can compute the equilibrium phase diagrams for 
this ternary system by the usual conditions; 


4F,' = 4F.", SF; = 4F,", 4Fy = 4Fy". (22) 


(The expression for 4F, is easily derived from the 
heat and entropy expressions which have been 
obtained previously.) 

Now, if we consider the entropy term only, we 
obtain from Eqs. (l5a, b) and (22 


(V/V q){imvy! + (L— 1/2) v5! + 2.0%"? ] 


= (V5/V5)[(Iney!' + L—1/a)vg'" + 2053''27] (28a) 


(Vo/¥y)[Inve! + (L—1/r) v5! + 2,05'7) 
= (Vo/V5)[Inve!! + (L—1/.r) v4! + 2.05'"7]. (23D) 
Hence, 


In (ey! /ve') =In(ey''/ve'') or 0'=0"'. 24) 

Thus, the single liquid approximation is satisfied 
only when 4H,=0, and the invalidity of the 
single liquid approximation in the usual cases is 
due to the heat term only.¢ As immediately 
seen from Eqs. (13a, b), this is not true for the 
case when V,<J,. In most of the actual cases, 
however, V; is anticipated to be larger than V5 
from the data of the molecular construction of 
polymer molecules, although the exact values of 
V, cannot be deduced.“ From this point of 


(13) This is also true for Scott’s result of Eqs. (9abc) 
in reference 3. 

(14) One submolecule is supposed to be several times 
larger than the monomeric unit of the polymer, although 
the molal volume of the solvent could be a little larger 
than the equivalent quantity of the monomeric unit of 
the polymer. 
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view the problems of the selective ad orption 
will be discussed in future. 


A Special Treatment of 
Associated Liquids 


It is interesting to assume polymer-two liquids 
systems in which one or two of the liquids are 
associated liquids as an extreme case when 
Vo>V,. In this case, the deviation from the 
single liquid approximation may be attributable 
to the entropy term as well as to the heat term. 
Tobolsky and Bratz,“ and Flory“ have treated 
solutions of associated liquids with high polymer 
equations. The situation becomes more com- 
Plicated in our case, but it does not seem to be 
inadequate to assume that the associated liquid 
consists of an equiliblium mixture of polymer 
molecules of various sizes, in order to estimate 
roughly the above volume effect. 

To avoid complications we assume now that 
the submolecule of polymer and the “submole- 
cule” of associated liquid and the molecule of 
non-asociated liquid have all the same volume. 
This assumption may be sufficient to obtain a 
rough picture of the volume effect on the entropy 
of mixing in polymer-two liquids systems in 
which one or two components are associated 
liquid. First of all, let us consider the binary 
system polymer 3-associated liquid 1. 


(A) Polymer 3-associated liquid 1 system.—We 
can assume this system as a special case where 
the size and shape of solvent differ extremely from 
that of polymer submolecule. Thus, employing 
Eq. (7), the entropy of mixing in this system may 
be written, 


AS" = AS’ 59+ ASyq— SS%xy = — Ry Nyln{yNy/ (YM 
4+2N,)}+Nqln{xNq/(yN,+2Ny) }] 
— PEN In{yN,/ yN+2Ny}+2Nn(rNy/ YM, 
+2N,)}+RiyMIn{yN,/ uN, +7Ny} 
+2N,ln{xN3/ (yNj+27N,)}) 
= — RUN In{xN3/(yNi4+xrNy } 
+ N,ln{yNy/yNi+rN,)}] (25) 


where 4S’ 55= Rin W'=the entropy of mixing J, 
polymer molecules with randomly distributed 1, 
separate submolecules of liquid 1, 48,,= RinW,= 
the entropy of mixing .V, molecules of associated 
liquid with «NV, separate submolecules of polymer 
yNy+rN, 
yN, ) 
the entropy of mixing both sorts of the submole- 
cules at random. (the number average degree 
of “polymerization” of associated liquid 1=y). 
The terms containing , in the entropy expres3- 
sion vanishes in this case as can be easily 
understood from Huggins’ theory“? from which 


3, and 48°, (which correspond; to ( 


(15) A. V. Tobolsky, P. J, Bratz, J. Chem. Phys., 13, 
379 (1945). 

(16) PB. J. Flory, J. Chem. Phys., 14, 49 (1945). 

(17) M. L. Huggins, Aun. NY. Acad. Set., 43, 1 (1942) 
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the terms were derived. 

Differentiating Eq. (25) with respect to 1;, 

JS," = — Rlne,4+ (l—y/a)r5). (26) 

This result corresponds to Scott’s for the polymer- 
polymer system*) (Eq. (la) in reference 18). 
Here we attempt to apply a somewhat paradoxical 
situation to the present problem. Namely, it may 
be permissible to assume that the associated 
liquid in both sides of the membrane were dif- 
fusible as separate submolecules, although it 
behaves thermodynamically as if it were a mixture 
of macromolecules in both sides. Thus, differen- 
tiating Eq. (25) with respect to yN, (not N;), we 
can obtain an “effective” partial molal entropy 
of mixing, 


JS," = — RU(L/y) ne,+ (L/y—1/a) v4] 
= Rr, /e+v9? /2y+ eseece ] (27) 


Since the 4 values are supposed to be considerably 
large in the polymer-polymer system, two poly- 
mers would be often incompatible if there were 
any positive heat of mixing.“ Considering 
that such incompatibility does not appear in the 
actual polymer-associated liquid systems, the 
average degree of “polymerization” is supposed 
to be not so large as that of the actual polymer. 
Therefore, it may be rather suitable to assume 
y as a measure of the effect of “association” of 
solyent on the partial molal entropy of mixing. 


(B) Polymer 3-liquid 1-associated liquid 2. 
~-In this case, we can assume two _ processes 
separately, namely, the mixing of polymer 3 and 
associated liquid 2, 4S:; (which has been given 
by Eq. (25)), and the dilution of this “mixture” by 
liquid 1, JSg,. Then, 

AS" = ISo,+ SSH: = — R{ Noln[yNo/ (yN2+eN3 } 

+ Ny ln[xNy/(yNot+xND}} 

—R{N Inf N,/(Ni+yNe+7N;)) 

+ (Nyt Ny) In Ny Ne) | (My Naty) 

+ 1 x Ny Ng ty No) | (Nyy NatNy }.(28)2 


Differentiation leads to 


JIS," = — REInv,+ (lL—-1/y) ve 
+ (LAL fats 1 (xo+09)) (29a) 


JSq" = — RUInve+ (L—) 44+ (lL—-y/) ta ty pt e,2) 
(29b) 
JS," = — R{Ine,4+ (L—v)ey4+ (L-—/y) rebar 2), 


(29¢) 


(18) 
(19) 


R. L. Scott, J. Chem. Phys., 17, 279 (1949). 
For two polymers, the critical value of uw (ui 


=RTyprg?) is several orders of magnitude smaller than 
that for two normal liquids (u=2) or for a polymer-solvent 
system (y=1/2) see Eq. (2) in reference 18). 

(20) This expression of 45833; is a rough approxima- 
tion obtaiued by assuming hypothetically that the mixture 
of polymer 3 and associated Tiquid 2 is a homogeneons 
polymer. 
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When #."%=p,."= no, these results coincide with 
the result of Scott’ (Eqs. (5a, b, c) in reference 18). 
If the single liquid approximation may be 
applicable, assuming 0.N,=yNo, No=(1+0).),, and 
AS = SS +R Nn Ny / (Ni +y Nd) 
+ Naln[yNo/ (Ni+yNo)+2." 


x Nyy No/ (M, +y No) } ’ (BO) C1) 


ISo!"' = — R{(1/ (1+) +0/(1+0)y]Inve+[1 /(1+0) 
—1/2+0/1+0)yWst+ n2"[0/ (1+0) Pey?} 
= Riv,/e+ ((L/2)[1/ (b+) +0/(L+0)y] 


— 220) (L+0) P}v?+ etners 1. (31) 


Combining Eq. (31) with Eq. (5), 


— AF y= RT (v5) 2+ { (1/21/11 +0)+0/h+o)y! 
— n> "(0 /(1+0)P— (V'9/RT)[—0/ L+0)? x Aye 


+1/(L+0) x Aogt0/ (140) X Ap} }g?-+-. (82) 


This result shows that the entropy term contrib- 
utes in some way to the solubility and the phase 


separation in the system and that whether 
associated liquid 2 is solvent or non-solyent 


makes a considerable difference in the above 
contribution. Namely, the mixed solyents show 


poorer solvent power than that supposed from 
the true energetical solvent power, and this is 
more notable when the associated liquid is solvent 
than when it is non-solvent. 


(C) Polymer 8-associated liquids 1 and 2 
system.—The above procedure by which we derived 
Eq. (28) can be applied to introduce the entropy 
of inixing in polymer 3- associated liquids 1 and 
2 system. Hence, 


4S" = SSqy+ 4892 = —R{ Nn N,/ yy +N, 
+N zIn[yy/ (yi +2N5) 1} — R{ Naln[zNo/ (yy 
+2No+2N,)]+ (Ny +N) In[(yMy+0N,) | Ny 
+2No+2Ny))}=—R{M ny, / YN +2N2 
+-N,) 1+ Neln[zNo/ (y.Ny+2No+-0N5)] 
+Nqln[ rN /(yNi+2N2+7N3)}} ; 


(33) 

where 4S,, = the entropy of mixing polymer 3 
with associated liquid 1, (see Eq. (25)) and JS}, = 
that of mixing this mixture with associated liquid 


2. (The average degree of “polymerization” of 
associated liquid 2=z.) Hence, 


AS, = — Rn +0 2+ty—Yyt2/2—yrs/“) 4a) 
ASQ! = — RAN ve tg +ty—20'3/— 27; /y) (34b) 
J8q!' = — Rn vg4+04 409-00; /y—02/2) BAe) 


For the single liquid approximation, 


0yNy=2zNe, No=yNit+2No= (1+0)yN;, 


4S"! = 4S" 4 RUN, In[yN,/ (YN, +2N2)] 


+ Nein [zN2/ (y¥N,+2.No) }}; (35) 
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and then, 


M801" = R{vs/-0+ (1 /201/A+oy 
$0] (LO) z] gb eveeeeees }. (36) 


Actually, the problem of “association” is far more 
complicated than appears above. Thus the present 
treatment includes many questions to be discussed. 
First, somewhat questionable situation in separate 
evaluation of the entropy and energy term may 
not be permissible especially in the systems in 
which one or two components are associated 
liquids. Next, we must distinguish between 
hydrogen bonded liquids and those associated 
simply because of the dipole moment of the 
molecules, and between a three dimentional 
“polymer” network such as water which is able 
to form tetrahedral bonds per molecule and the 
linear “polymer” such as alcohols in which 
molecules with capacity for only two bonds per 
molecule are combined with each other. In 
short, the essential feature of the potentials 
between like and unlike pairs must be clearer. 
It is the purpose of this chapter, however, to 
indicate the possible applicability of the above 
procedure for rough estimation of the entropy in 
these systems, 


Summary 


The free energy expression derived by Scott 
for the polymer-mixed solvents system are 
refined and amplified, removing the assump- 
tions which are not always applicable to the 
actual cases, although it was introduced by 
him for the sake of simplicity. 

Owing to scantiness of the available data 
and to difficulties of exact calculation, the 
phase diagrams of the system using the results 
obtained are not given here. Determination 
of plait points and the problems in the osmotic 
pressure measurement in mixed solvents will 
be discuss d elsewhere. Here, we confined 
ourselves to formulate the free energy expres- 
sion for various systems also involving the 
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systems in which one or two of the constituents 
are associated liquids as a special case where 
the assumption (b) is far from true. Applica- 
tion of the result obtained to some problems 
in viscosity, osmotic pressure, and swelling 
phenomena will be presented in the following 
articles. 

This paper was presented at the Annual 
Meeting of the Tokyo Institute of Technology, 
where the treatment of associated liquids was 
discussed with particular reference to the 
applicability of the above methods to the 
thermodynamic problems of association. 

In the writer’s opinion, the generality of 
the thermodynamic function derived here in 
the application to equilibria involving trans- 
formation between various “polymeric” species 
of the associated liquid may be accessible when 
the volume effect of the associated liquid on 
the entropy term in these systems must be 
encountered. Obviously the Flory-Tobolsky- 
Bratz treatment is applicable only to the 
linear “polymer” such as alcohol, and we may 
go too far to say that our treatment is also 
applicable to the three dimentional “polymer”. 
Our treatment is supposed, however, to be not 
far from true even in such a case, since the 
entropy of mixing in the above systems 
containing associated liquids as one or two 
components was formulated on the assumption 
that the submolecules of the “polymer” are 
distributed at random. i.e., this corresponds. 
to the Bragg-Williams approximation. 


The author expresses his appreciation to 
Professor A. Harajima and S. Ichimura for 
their kind reading and some suggestions, and 
to the director, K. Makishima, for his en- 
couragement and support to this work. 
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Introduction 


In order to investigate the state of the 
polymer molecules in the solvent, it is neces- 


sary to draw one’s conclusion by summarizing” 
the information obtained from various methods: 
of physico-chemical measurements, i. e., vis- 
cosity, osmotic pressure, light scattering, 
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swelling and others. This paper deals with 
discussions of the interaction exhibited by 
several polymer-mixed solvents systems from 
the results of these measurements. Employing 
the partial molal free energy expression ob- 
tained in Article I, the phenomenon that the 
first portions of the addition of non-solvent 
improve the solvent ability of the medium in 
some casos and the abnormality which arises 
in the cases in which one or both of the 
mixed solvents are an associated liquid, will 
be interpreted. 


Relationship between Intrinsic Viscosity 
and Thermodynamic Quantity » 


We are going to focus our attention on one 
polymer molecule and consider the equilibrium 
between an effective volume pervaded by a 
polymer chain and its environments. As is 
seen in our treatment applied to the explana- 
tion of ths Schulz’s osmotic pressure equa- 
tion, the activity a, of the solvent in the 
region occupied by a polymer molecule is 
given by 


Inds= F,,/RT= In (1— vs) + Cas + pe’ 0725 
++ A253 — Bos, (1) 


where AF, is the partial molal free energy 
of solvent and v,, the volume fraction of 
polymer, subscript s showing the spherical 
region in which a polymer molecule is dis- 
tributed. A and B are constants somewhat 
dependent on molecular weight, solvent type, 
etc., and yw’ is an interaction parameter, a 
little different from true thermodynamic 
quantity j« as was discussed“) in our previous 
paper. 

An analogous procedure can be applied to 
the polymer 3-mixed solvents 1 and 2 system, 
so long as tho single liquid approximation may 
be permissible. Thus, 


In a,=AFy./RT=In (1—ve5)+ Use t ph’ U7 4 
+Avgs' > —Brs, (1’) 


where yu’ is supposed to be a little larger than 
Ms+ fg) used in Article 1 as mentioned above. 
(’ = us’ + Mao). The above procedure is entirely 
equivalent to that of the swelling equilib- 
rium. All the terms in the right-hand 
side of Eq. (1’) except Anz.'* are assumed to 
correspond to the dilution of a polymer 
molecule with the solvent. Thus, these must 
be replaced by the partial mola] free energy 


(1) YT. Kawai, This Bulletin, 24, 69 (1951). 
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expression derived in Article 1, although some 
modifications are still required dus to the 
above restriction for the number of configura - 
tions. The relationship between intrinsic 
viscosity and thermodynamic quantity mu can, 
however, be derived as a rough approximation 
from Eq. (1’). If the single liquid approx- 
imation may be allowed, we may write for 
the condition of the equilibrium between ths 
above two regions at infinite dilution. 


In a, =A F,)/RT =In (1— v5) +(1—B) 0s 
+( ps’ + Haq) 025+ Avge P= 0. (2) 


Thus we can obtain the relation between 2; 
and ps’+ p23). The volume fraction v3s in the 
spherical region is related to intrinsic viscosity 
[~] as follows, including Y function represent- 
ing the effective permeation of the flowing 
solvent through the domain of polymer chain 
in the Debye and Buche’s treatment,® 


[ue] =i(pr—1)/ele+0 =0.0025 P/ vgs, (3) 


where ¢ is the concentration in g. per litre and 
p the density of the polymer. 

The above treatment is entirely equivalent 
to that of Flory who discussed the configura- 
tions of a polymer molecule in a _ binary 
polymer-solvent system.®) Although the true 
thermodynamic equilibrium between the above 
two regions is discussed for the single liquid 
approximation here, it is easily seen that the 
result obtained is reduced to the Flory’s when 
his expression Q@, the factor by which linear 
dimension of the distribution of segments 
becomes larger than that of random flight 
configurations owing to long range interference 
is employed. However, further discussion 
concerning the problems of selective adsorption, 
volume effect of solvent, etc. may become 
possible when the free energy expressions in 
Article 1 are used. Comparison of this treat- 
ment with some viscosity data will be pre- 
sented elsewhere in more detail. 

Now the relation Eq. (2) is expressed as 
follows; - 


F(v3s) = — (p's + Mao) 0*se, (4) 

where 
Hsp = (Vo/RT)[—O/(1+6)? x Ay.+1/(1+8) 
x Ais +6(1+8) x As]. (5) 


(The notation of these equations is similar to 
what was employed in Article 1.) 


(2) P. Debye and A. M. Buche, J. Chem. Phys., 16, 573 
(1948) 


(3) P. J. Flory, J. Chem. Phys., 17, 303 (1949). 
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Differentiating Eq. (4) with respect to 0, if 
F(v3s) and y’s can be assumed to be independ- 
ent of 0M; 


d{ F(v5s) / v*3s}/dvysX dv 35/40 =dygy/dO. (6) 


This result shows that the maximum in in- 
trinsic viscosity and the minimum in ther- 
modynamic quantity « appear in the ratio 0. 
of volume fraction of liquid 2 to that of 
liquid 1, at which the following condition is 
satisfied, 


d 139/40 = — (1-0) /(1+Oc) X rs 
+ M23 — His =9, (7) 
where f12=(Vo/RT)Av, pais=(Vo/RT) Ar, 
23 =(Vo/RT)Azs- 


Here we assume liquid 1 is solvent (413<1/2), 
and liquid 2 non-solvent (j3>1/2). Then, 
the sulution of this equation (7) can afford 
physical meaning only when (.3— 413)/f12<1. 
Namely, when (p2;—/13)/M12>1, the solvent 
ability of the medium decreases uniformly 
with increasing 0 (dyzo/d@>0). When (p3;— 
#413)/i2<1, the solvent ability of the medium 
is improved until @., at which Eq. (7) is 
satisfied, and since then it decreases as @ in- 
creases. For the same value of s», the larger 
the (23— 13) values, the*smaller the 0... In 
other words, when liquid 1 has a stronger 
solvent power and liquid 2 has a stronger 
precipitating power, the solvent power of the 
mixture shows @ maximum value at smaller 
content of non-solvent and vice versa. It 
must be noted, however, that the contribution 
of pi to the values of pzg should be con- 
sidered also. For the same values of (p.;— 
fiz), the larger the value of py», the larger 
the @-. Besides, as is seen from Eq. (5), the 
solvent ability of the mixture is improved 
more effectively by larger values of si» 
Various methods of estimation of the interac- 
tion parameters, (412, (13, and pz; for a few 
systems are presented in the next section. 


Discussion for Several Actual Systems 


The parameter 439, 2 measure of the energeti- 
cal interaction in these ternary systems, con- 
sists of three parts as seen in Eq. (5). In this 
connection, these three parameters p12, 13, 
and p.; must be estimated. When polymer 3 
is soluble in liquids 1 and 2 (¢s+p3<1/2, 


(4) The constant A in Eq. (2) is not always independent 
of @ as was seen from its expression. This assumption, 
however, may be permissible since its dependency on @ 
does not have any notable effect on our result. 
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Ms+ p23<1/2), the quantities wi3 and w,; can 
be evaluated from osmotic pressure measure- 
ments. And when one of the two liquids is 
non-solvent (~s+pi3>1/2, Or ps+px2>1/2), 
we must calculate the values of 3 Or pz; 
from swelling measurements. The parameter 
faz, can be evaluated from vapor pressure data 
for the binary system liquid 1-liquid 2 as 
follows: When the entropy of mixing in this 
system may be assumed to be ideal,® we 
may write 


In ¥,=In a,--In 2, =AH,/RT 
=(Vi/RT)Aj0.? (8) 

In ¥2=]n a,—In z,=AH,/RT 
=(V2/RT)Ai,v7, (8’) 


where the a’s are the activity, the ‘’s the 
activity coefficient, and the 2’s the molar 
fraction of each component. Therefore, if ln;, 
which can be usually obtained from vapor 
pressure data, is plotted against v., and 
similarly In Y. against v,*, each set of points 
will generally fall on a straight line. The 
slope of the line gives the values of (V;/RT)A1z 
and (V./RT)A1z respectively. Considering the 
approximation used in deriving Eq. (7), we 
may adopt the mean value of them as 
(V,/RT)A.. Thus, we can estimate py, Mos 
‘and 41, separately. 

In this connection the systematic experi- 
ments involving osmotic pressure, viscosity, 
swelling and the other measurements should 
be required to investigate the interaction of 
polymer and mixed solvents. Since such series 
of systematic experimental results have not 
been presented for any of the polymer-mixed 
solvents systems, it is necessary to estimate 
the y’s from the experimental data involving 
only one or two of the above various measure- 
ments. 

Now, in spite of the weakness that we can 
not determine uniquely the effect of the 
solvents in such a three-components system, 
the dilution ratio, which is determined by the 
addition of a non-solvent to a polymer solution 
of a standard concentration until phase 
separation begins, may also be useful to 
estimate roughly the y’s employing condition 
as follows; 


Met Moo= Ms t[—O/(14+8)? X pra +1/(1+8) 
X pig +O/(1+8) X peo3]=1/2. (9) 


(5) This is true for two non-polar liquids systems, so 
long a8 molal volumes of the two liquids do not differ 
very largely from each other. (see Hildebrand; «Solubility 
of Non-electrolytes”, 3rd Ed. Reinfold Publishing Corp., 
New York, 1950) ‘ 
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This relationship (9) and Eq. (7) in the 
preceding section can be used in estimating 
the p’s respectively. 

Employing the methods mentioned above, 
we are going to discuss the interaction of 
polymer and two liquids for several actual 
cases. Yoshioka measured viscosity of poly- 
vinyl acetate in various mixed solvents. 
Considering the abnormality in the systems 
involving some associated liquids as com- 
ponents, these systems are to be divided into 
three; namely, polymer 3-associated liquid 
1-non-associated liquid 2, polymer 3-associated 
liquids 1 and 2, and polymer 3-non-associated 
liquids 1 and 2 


1. Polymer 3- Associated 
Liquids 1 and 2 


(a) Polyvinyl Acetate-Acetone-Water 
System.—From the osmotic data™®®) for 
polyvinyl acetate-pure acetone system at dif- 
ferent temperatures, there is obtained for the 
interaction parameters py=0.4A7, py, =—0.04. 
According to Eq.(27)in Article 1, u,=1/2—1/2y, 
and thus, the abnormally large value of us was 
acceptable, although quantitative discussion is 
impossible owing to the rough approximate 
treatment in Article 1. Actually, this value 
of ps is extraordinarily larger than that 
estimated theoretically for a fairly flexible 
chain® and expected also from many experi- 
mental facts. Employing the Yoshioka’s data, 
we obtain 


from Eq. (7) 
(the condition for [7]max., @/(1+0)=0.050), 
(10) 


0.9 py2—0.04— po; =0 


and 
from Eq. (9) —0.197 y2—0.029+0.27 pes, =0.08 
(the condition for the precipitating point, 
0/(1+0)=0.27 ,=0A70D) (11) 


From Eqs. (10) and (11), s),=1.58, w.,;=1.83. 
Adopting these values for p1,, p13 and py, the 
s+ so Values are calculated against 6/(1+0) 
in Fig. 1, compared with those obtained from 
the Endo’s osmotic data,® and with intrinsic 


(6) Yoshioka, J. Chem. Soc. Japan, 72, 8 (1951). 

(1) G. Browning, J. D. Ferry, J. Chem. Phys., 17, 1107 

(1949). 

(8) K. Endo, J. Chem. Soc. Japan, 71, 232 (1950). 

(9) B. H. Zimm, A. C.8. Meeting, Sept. (1947) (P. Doty, 
M. Brownstein and W. Schlener, J. Phys. Coll. Chem., 53, 
243 (1949).) 

(10) K. Yoshioka, This Bulletin, 23, 60 (1950). 

(11) Comparing Eq. (36) with Eq. (27) in Article I, it 
is seen that the adoption of this value for », is not un- 
founded. 
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Fig. 1.—Polyvinyl acetate-acetone-water 
System, 


viscosity for various contents of water. On 
the other hand, the 2, value calculated from 
the vapor pressure data in the International 
Critical Table gives extremely large value 
(412=7.38) when Eq. (8) and (8’) are used, 
but our treatment for two associated liquids 
system bring out an appropriate value for 44: 
From Eq. (26) in Article 1, 


In ay == In 9, +-(1—-y/2) 14+ par? (12) 
! 


If we plot (Inai—In 7,)/v, against v,, the points 
fall on a line as given in Fig. 2. The slope 


0.2 
= 
» 
& 0 9 
i 
= 
& 
= -02 

-04 

0 02 o4 06 08 


v2 
Fig. 2.—An example of calculation of 42 
(acetone-water system sy2:=1.447). 


of the line gives 4,.=1.45. The estimation of 
y/z by exteraporation to v;=0 affords a 
reasonable value (y/z=1.5)), 


(12) Although both z and y may be considerably large, 
the values of y/z are anticipated in the range from 0.1 
to 1.0. 
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(b) Polyvinyl Acetate-Methanol-Water 
System.— Endo measured osmotic pressure of 
polyvinyl] acetate in methanol-water mixture 
of several compositions.) The ps+ go values 
for various contents of water are calculated 
from his data as is shown in Fig. 3. Since 
the results of the measurements at different 





| 
} 
4 0s 
st 4093 [7] 
| 
Calculated curve | 

Re es eee 

— 0/(1+6) 


Fig. 3.—Polyvinyl acetate-methanol-water 
system. 


temperatures are not yet published, ys and pay 
cannot be evaluated separately. It may be 
said, however, from the information of tem- 
perature dependence of intrinsic viscosity“) 
that pa) is positive even at @. for [2)]max. in 
this system. Moreover, the ms value is sup- 
posed to be not far from 0.45~0.47 and this 
is acceptable from our procedure as in the case 
(a). Substituting these values of “s+ ps) for 8 
in Eq. (9), we can obtain five equations, from 
which the most appropriate values for the p’s 
are determined as follows, ps+ 413 =0.486, pus+ 
fos =0.714, fy, =0.380. Then, the composition 
at which intrinsic viscosity shows a maximum 
is calculated from Eq. (7) as 0=13.6, @/(1+8) 
=0.12, showing a satisfactory agreement with 
experimental results (@/(1+0@)=0.15 by Matsu- 
moto,™) @/(1+-0)=0.20 by Endo )), Although 
the change of s+) with 0/(1+9) is com- 
paratively small in this case, the Endo’s 
measurements) show that intrinsic viscosity 
changes with @/(1+@) considerably as is shown 
in Fig. 3. Furthermore, Endo pointed out 
that in this system the second virial coefficient 
A, in the osmotic pressure equation depends 
on molecular weight of the polymer to a 
remarkable degree. These abnormalities cannot 
yet be explained, but some suggestions may 
be given for the solution of these problems by 
our procedure for polymer-two associated 
liquids system in Article 1. 


(13) K. Endo, J. Chem. Soc. Japan, 72, 883 (1951). 
(14) S. Matsumoto, Chem. of High Polymer, Japan, 6, 
179 (1949). 
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(2) Polymer 3-Associated liquid 1-Non- 
associated Liquid 2 System 


The above calculation involves implicitly an 
assumption that the us value in polymer-mixed 
solvents system equals that of the polymer-one 
of the mixed solvents system. As can be 
understood from Eqs. (27) and (36) in Article 
1, this assumption may be acceptable for 
polymer-two associated liquids system, but Eq. 
(32) in Article 1 shows that it may not be 
applicable to the present system. It may be 
said, however, that this assumption may not 
cause a remarkable error when the associated 
liquid is solvent (not non-solvent) as easily 
seen from Eqs. (81) and (27) in Article 1. 
Actually, the following treatment considering 
the heat term only can be an explanation of 
the polymer-mixed solvents interaction in this 
system, showing a good agreement with ex- 
perimental data. 


(a) Polyvinyl Acetate-Acetone-Ether 
System.—The binary system of acetone-ether 
does not show such specific interaction as 
acetone-water and methanol-water systems and 
Eq. (8) or (8’) holds its validity. Thus, the 
faz value may be calculated from vapor pres- 


sure data in International Critical Table (42..= 


0.54). Employing this value for 4, and —0,04 
for 443, we can Obtain ~z;=0.34 from Eq. (7) 
for the condition of [z}max. (@-/(1+6.) = 0.15.) 
The ps+pa) values calculated from these 
values fy, #13; and py, show a good corre- 
spondence to intrinsic viscosity for varying 
compositions of the mixed solvents as is shown 
in Fig. 4, i. e., the solvent ability of the 
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Fig. 4.--Polyvinyl acetate-acetone-ether 


system. 


medium decreases slowly as the content of 
ether increases without a conspicuous maxi- 
mum. Obviously, this is due to the small 
value Of p23. It is not appropriate to say that 
ether is non-solvent for polyvinyl acetate. 
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(b) Polyvinyl Chloride- Acetone-Carbon 
Disulfide System.—As a special case where 
polymer is soluble only in a certain range of 
composition of liquids 1 and 2, osmotic pres- 
sure, viscosity and swelling are measured in 
this system by Ishikawa and Kawai. In 
Fig. 5 the values of w and [yz] obtained from 


© a From swelling measurement 
& yz From osmotic pressure 


o [(¥) 


0 02 04 06 08 10 


contents of acetone (yolume fraction) 
Fig. 5.—Polyvinyl chloride-acetone-carbon 
disulfide system. 


the above three measurements are compared 
with ps+ fe) calculated from our procedure 
by adopting py2,=0.° psig = 0.584, pst- pos 
=0,650. The values of ps+fy3 and pst poe 
are evaluated from the swelling measurement. 
Although the 2, value calculated from vapor 
pressure data“) is 1.04, we adopt pu;,=0.8, 
because this value shows rather better agree- 
ment with the experimental facts. Namely, 
employing this value, there is obtained @/(1+@) 
=0.05 or 0.78 for the precipitating point and 
6/(1+6) =0.52 for [ u] max. 

Finally, this system is not a special one but 
is assumed to be one of the systems in which 
the solvent power of the medium is improved 
by the addition of diluent until a certain com- 
position is reached, whereas in this case, the 
polymer is not soluble in the individual con- 
stituents of this mixture.@” 


(ec) Polyvinyl Acetate-Acetone-Petro- 
leum Benzin System.—Combining Eq. (7) 
for the condition of [uJ}max. (0/(1+60)=0.13©) 
and Eq. (9) for that of the precipitating point 


(15) K. Ishikawa and T. Kawai, J. Chem. Soc. Japan 
Ind. Chem. Section, 55, 173 (1952). 

(16) J. V. Zawidzki, Z. phystk. Chem., 35, 129 (1900). 

(17) This phenomenon, known as “‘cosolvency”, is seen 
also in a few other systems, for instance, polystylene- 
acetone-methylcyclohexane system. (8S. P. G. Colombo and 
H. Mark, J. Polymer Sci., 6, 295 (1951).) 
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(0/(1+0)=0.45), there is obtained y,.= 
0.819, j423= 0.566, (443=—0.04). Considering 
the approximate treatment used here, it may 
be questionable to determine the y’s from these 
two conditions only. Further discussion may, 
however, be impossible also from the fact that 
petroleum benzin is a mixture of heptane, 
hexane and others. In practice, a fairly good 
correspondence is obtained between thus cal- 
culated ps+pj9 and intrinsic viscosity for 
varying contents of petroleum benzin, as is 
shown in Fig. 6. 


01 0.2 0.3 04 05 
— 6/(1+0) 
Fig. 6.—Polyvinyl acetate-acetone-petroleum 
benzin system. 


(3) Polymer-3-Non- Associated 
Liquids 1 and 2 


(a) Polyvinyl Acetate-Benzene-Petro- 
leum Benzin System.—From the Nakajima’s 
osmotic data, ps+ fg1 = 0.319 and ps+ psy = 
0.432 at 0/(1+0)=0.80. From these data, 
calculation follows that yj,=0.438, p3=— 
0.151, 23=0.566, where p23; is that obtained 
in the case 2/c). Substitution of these values 


al 02 03 
— 6/(1+8) 


Fig. 7.—Polyvinyl acetone-benzene-petroleum 
benzin system. 


(18) A. Nakajima, Chem. of high Polymer, Japan, 6, 451 
(1949). 
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for p12, fis, and p23 in Eq. (7) gives a negative 
value for @., which is meaningless in a physical 
sense. This agrees with the experimental fact 
that [u] decreases uniformly with addition of 
non-solvent in this system. In Fig. 7, the 
calculated p,+ go values are plotted against 
6/(1+0), being compared with the intrinsic 
viscosity data.© Furthermore, the Vold’s 
data@ of vapor pressure in benzene-heptane 
system give $,—6.=2.493, where 8, and 8, are 
the Hildebrand’s solubility parameter®) of the 
individual liquids. Assuming Vy=100, s,, can 
be estimated as 0.428 from this value of (§;— 
§,), affording a good coincidence with the 
above estimation. 


Conclusion 


Considering the two assumptions which were 
introduced by Scott in his treatment of phase 
equilibrium in a ternary system of polymer 
and two liquids, more general free energy 
expression to correlate much of the experi- 
mental data has been derived in Article 1. 
When some of the three components are polar, 
it may be anticipated that the deviation from 


(19) BR. D. Vold, J. Am. Chem. Soc. 59, 1515 (1937). 

(20) The Hildebrand’s parameter $i represents the 
square root of internal pressure (or “cohesive energy 
density”) (sE";/V')1/2, where sE% is the energy of va- 
porization and V; the molal volume of liquid ¢. When 
the assumption of the “geometric mean’ is permissible 
as in this system where the both two liquids are non-polar, 


4H =Vo(81 82) 20102 a. H1g=Vo(S1—52)*. 


the Scott’s treatment due to invalidity of the 
assumption (a) is especially important. Thus, 
our modification of his treatment was checked 
here with some experimental results principally 
with regard to the assumption (a). Further- 
more, the assumption (b) is far from true 
especially when one or both of the mixed 
solvents are associated liquid, but even in such 
cases, all complicated factors are covered by an 
approximate method in the present treatment, 
although this approximate treatment must be 
discussed in more detail. Actually, the present 
treatment is applicable to many ternary systems 
with a fair degree of accuracy. The characte- 
ristics of each system are well expressed by 
the interaction parameters 41,, fis, and p35. 
Thus, the phenomenon that the medium in- 
volving non-solvent to some extent behaves as 
a better solvent than the pure solvent and the 
abnormal behavior in the systems containing 
associated liquids as one or two components 
can be understood from our procedure in 
Article 1. 
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Formula for the Melting Points of Inorganic Compounds 
of Type MXOn 


By Shizuo FusIwARA 


(Received March 5, 1952) 


General 


(l—a) Purpose of the present paper is 
to propose an expression for the melting points 
of the inorganic compounds of type MXO, as 
the function of the ionic radius and the polari- 
zability of the atom, where M* is the metal 
ion and XO, is the anion, e.g., in the case of 
the alkali nitrates, M* denotes lithium, sodium 
and potassium ion etc., and XO,” nitrate ion, 
NO;~. 

The melting points of the salts are expressed 
by T°K and the polarizabilities and the ionic 


radii of the ions, M* and X@"~)*, are written 
as @ andr respectively. Positive signs are suf- 
fixed to @ and r of the metal ion, M*, and the 
negative signs to those of the ion, X@"~?*, 
in the negative ion. The data of the melting 
points which are necessary for this study have 
been taken out of the Landolt-Boernstein 
tables, International critical tables® and the 


(1) Landolt-Boernstein Physikalisch-chemische Tabel 
len. 
(2) International critical tables. 
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Smithonian physical tables.) Both the values 
of Goldschmidt and of Pauling, are adopted 
for the ionic radius. The polarizabilities of the 
metal ion, M*, are taken out of the reports 
of Goldschmidt and of Fajans. The polari- 
zabilities of the ion X°"~* are approximately 
taken as equal to the cubes of the ionic radius 
of X?""D*, That is, @_ is set as (r_)*. The 
values of @ given by Goldschmidt and by 
Fajans have also been utilized. 


¢ 
Tt x ) Tv ar 
40} “10” Haty~e.) 1" 
thi 
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In order to find any correlation between T, 
a@ and 7, these values were presented as graphs 
in.many ways. Considering the results, a 
simple relation was observed, when the values 
of T/(a@,—a@_) was plotted as an ordinate and 
(@,—a@_) as an abscissa. In Fig. 1, the ex- 
amples of alkali-silicates, alkaliearth-silicates 
and alkali-sulphates ete. are given. Each line 
shows very similar type, and the type of the 
line seems to be approximately ‘ hyperbolic.’ 
These ‘hyperbolic’ lines can also be obtained 
for other series of salts. No other relation has 
yet been obtained, which is simpler than those 


Lit Na* K* 
Ts Paul. 0.60 0.95 1.33 
(LO~*-em,) Gold. 0.78 0.98 1.33 


0.08 
0.067 


0.196 
0.197 


a Faj. 


+ 0.838 
do-™-em.") Gold. 


0.29 












AL+ Bt Ci+ 
r Paul, 0.50 0.20 0.15 
(lO-®-em.) = Gold. 0.57 0.2 


(3) Smithonian physical tables, P. 254 (1933). 
(4) V. M- Goldschmidt Chem. Ber. 60, 1268 (1927). 
(5) L. Pauling J. Am. Chem. Soc., 49, 765 (1927). 
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in Fig. 1. All the data of T, @ and r+, neces- 
sary for the calculation, are given in Tab. 1. 
In the table, the data of Pauling, Fajans and 
Goldschmidt are cited for @ and r. 

(l1—b) Now we consider the series of com- 
pounds having different cations and the same 
anion. According to (1—a), approximate 
‘hyperbolic’ correlation should be observed 
as a graph of 7'/(@,—Q@_) versus (@,—Q_) 
for these compounds. Then an approximate 
expression (1) is obtained for these salts, 


T”-(@,—Q@_)"=A (1) 


where m and » are the exponent of 7 and 
(@,—aQ@_) respectively and A is a constant. 
In order to find the values of m and n which 
satisfy (1), the known values of 7 and (@,— 
Q@_) were put into (1) and the values of A 
were calculated for the several values of m and 
n. According to the results of calculation, A 
becomes almost constant for all the members 
of the series when, 


“a = I , 


and n = 1/6. (2) 


When these values of m and » were applied 
to other series, the results were also very 
satisfying. The calculated values of A for se- 
veral series of salts are also shown in Tab. 2. 

Though the values of A remains almost 
constant in one series of compounds, there are 
slight differences between the members of the 
series. These differences are due to the dif- 
ferences between the constituents of the salts. 
In order to find any regularity in these dif- 
ferences, the present author examined the cor- 
relation between the ionic radius of the atom 
and the values of A. When he has presented 
these values as a graph of A versus the recip- 
rocal of the ionic radius of the cation, 7,, 










1 
Rb+ Cst Mg?+ Ca%* Sr2+  Ba?+ 
1.48 1.69 0.65 0.99 1.13 1.35 
1.49 1.65 0.78 1.06 4 37 1.438 





0.51 0.86 


1.56 2.56 0.12 
2 0.57 1.38 


L.90 85 0.114 








Sit+ NS+ p>+ 
0.41 0.1L 0.34 ~29 
0.49 0.1~0.2 0.03~0.4 0.34 





(6) V. M. Goldschmidt Geochemische Verteilungsgesetze 
der Elemente vol. 7, 60 (1926). 
(7) K. Fajans, G. Joos Z. /. Phys. 23, 1 (1924). 











we we O&O 


(3) (M2,0-COx.) 


Li,gO-CO, 
Na,O-COg 
K,0-CO. 
Rb.O.CO. 
(MO.CO,) 
SrO0-COz 
BaO.CO, 


(4) (M,0-Si0.) 


LisO-Si0. 
Na,0-Si0O2 
K,0-S8i0. 


(MO.-Si0,) 
Mg0.-Si0, 
CaO. SiO. 
Sr0.Si0. 
BaO-SiO. 

(MOz-Si0.) 
ZrO2-Si0e 
Hf0,_-SiOzg 
U02-Si0, 
ThO»s- Sid», 


(5-2) (M2,0-N20;) 


NaNO, 
KNO, 
RbNO, 
CsNO, 


(6-3) (MO-N,O,) 


Ca(NO,)2 
Sr(NO,)2 
Ba(NO))g 


a,(G), r,(G), r_=0.2, 
a_=(0.2)3 


1005 0.065 0.256 
1124 0.085 0.204 
L164 0.114 0.151 
1170 0.130 0.134 
1770 0.187 0.157 
2013 0.239 0.140 


@,(G), r,(G), r_(Q), 

a_ =0.04(G) 
1474 (3) 0.0807 0.50 
1361 (3) 0.0997 0.40 
1249 (3) 0.1218 0.294 


1830 (3) 0.1185 0.50 - 
1515 (3) 0.136 0.369 
1853 (3) 0.1946 0.307 
1877 (3) 0.222: 0.274 
a,=[r,(@]', ee =0.04(G) 
2823 (3) 0.261 0.448 
2851 (3) 0.265 0.443 
2881 (3) 0.323 0.371 
2882 (3) 0.372 0.351 


@,(G), r.(@ 
@_ =([r_(P)]*=0.001 


581 0.443 0.12 
614 0.0603 0.083 
583 0.0649 0.074 
683 0.196 0.067 
a, (F),; aw =(re (P)T, uae (P) 

834 0.0759 O.L1L 
843 0.0887 0.0975 
865 0.102 0.0817 
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Table 2 (6) (M,PO,) a,(F), r,(P), r_(P) 
(lt) (M,0-B,0,)  @, G), 7, (G), r_(P), e- =(r-(P)F 
a_=(0.2)* Salt , T°K A Palh. 
Salt TOK A r_ Ire Li,PO, , 1110 0.06L 0.57 
Li,0- B20, 1116 0.069 0.256 Na,PO, 1613 0.119 0.35 
Na.O-Ba0, 1239 0.094 0.204 KPO, 1613 0.157 0.256 
K.0. B,O, 1220 0.120 O.15L (7-3) (M,0-SO,) «,(G), r,@, r_@, 
_=[r_(G@)F 
(MO-B,0.) ' 
— e Na,SO. 57 ).08% .35 
Ca0-B,0, 1427(1) = 0. 159 0.188 ~~" — pce " 
' 1373 0.139 - K.S0, 1340 0.131 0.256 
of . © 4 
Rb.2SO 325 . 22 
SO. B20; 1373 0.145 0.157 ry ~~ oe : ned ; = 
BaO. BO, 1333 0.158 0.140 =_— . sams _ 
(MO.SO,) 
9 . ' ; 
@ (MO-Al0) — 4, (G), 7G), r-(G), MgSO, 1393 0.0905 0.436 
a@_ = (0.57)* - j Ae is 
* CaSO, 1723 0.1550 0.32 
Ca0- Al,O; 1960 (1) 0.167 0.54 Bast 5 1853 0.2194 0.2% 
_ sigoan : (1) and (3) of melting points shows the source 
a 7 - an « orm ng points show: 1 our 
SrO- Als 2 2 : : - 
Sr0-Als05 —_ (t) e ~ ° - of reference quotation. Other values of 
2288 0.237 melting points have been taken out of 
BaO-Al,0, 2000 (1) 0.235 0.33 reference (2). 
227% 0.267 7 


strictly speaking, the ratio of the ionic radii, 
r_/r,, One straight line has been obtained and 
the following expressions (3), (4) have been 
given, 
A=a—b(r_/r,) (3) 
T-(a,—a@_)*®=a—b-(r_/r,), (4) 


“where a and b are the constants of positive 


sign which are characteristic for one series of 
the salts. Thus the expression (4) is the formula 
for the melting points of the inorganic com- 
pounds: of type MXO,. Several examples 
showing the linearity functions of (3) are 
shown in Fig. 2 and 3. 


\ A 
\ 4 ° \ 4) 
| U \ (MSi0,) 








Shizuo Fusiwara 


Fig. 3. 


Special 


(1) Borates.—Linear correlation of (4) is ob- 
served in the case of borates of lithium, sodium 
and potassium when the ionic radius of B**, r_, 
is taken as 0.20, and polarizability of B*+, a_, as 
(0,20)? = 0,008(L0-*4em*), The polarizabilities for 
the cations are taken from Goldschmidt’s data. 
Such a clear-cut linear correlation was not observ- 
ed in the case of bivalent métal salts, such as 
calcium, strontium and barium, as was shown in 
monovalent metal salts. 

Following values of a and 6 for expression (4) 
are obtained by the graph, a@=0.195 and b=0,482 
for M,O-B,0,. 


2) Alluminates.—Alluminates of bivalent met- 
als do not give a linear correlation expressed by 
(4). But when the ionic radius of Al*+, r_, is 
taken as 0.57 and the polarizabilities of the cat- 
jong are taken from Goldschmidt’s data, we can 
obtain an approximately straight line as is shown 
in Fig. 3. In this case, the polarizability of AP*, 
@_, is set as (0.57), When we set @— as (0.50)%, 
the cube of the ionic radius given by Paul- 
ing for Al**+, the presented graph deviates far 
from a straight line. Polarizabilities taken out 
of the data of Fajans and Joos are unsatisfactory. 
Considering the results of this siudy, the presented 
graphs ior most of the other series of compounds 
do not show clear-cut linear correlation when we 
take the polarizabilities out of the data of Fajans 
and Joos, and the ionic radii out of those of 
Pauling. Thus the Goldschmidt’s values will be 
adopted for polarizabilities and ionic radii in the 
following calculation. When we take the melting 
points out of the literature (2) as 1873°K for 
CaO-Al,O,, 2288°K for SrO-Al,O, and 2273°K for 
BaO-Al,0,, the presented graph deviates from a 
straight line exceedingly, whereas, the values 
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taken out of the literature (1) are satisfying. Thus 
the values given by the latter seem close to the 
fact, and in this case the following approximate 
values of a and 6 are obtained. 


a=0.350, b6=0.327 for MO-AI],0,. 


This result is an example, where the applica- 
bility of the formula (4) for the ‘examination of 
the obseryed values of melting points is demon- 
strated. 


(8) Carbonates.—The ionic radius for C**, r_, 
is 0.2 and @_ is set as (0.2)*=0.008, The cor- 
relation given by the salts of lithium, sodium and 
potassium is approximately taken as a straight 
line, and the following values are obtained, 


a=0.178 and b=0.450 for M,O-.CO,. 


Rubidium carbonate deviates from this line. 

The melting points of the bivalent metal car- 
bonates are known only for strontium, and barium, 
and the linearity can not be examined in this 
case. But if we make a graph with the two 
salts, we can obtain the following values, 


a=0.699, and b=3.25 for MO-COx., 


(4) Silicates——When the polarizability of Si** 
is taken as 0.04, the silicates of lithium, sodium 


give closely linear correlation and in this case, 


a=0.183 and b=0.200 for M20-Si0., 


The results are unsatisfactory when @_ is set as 
gs. 

Calcium, strontium and barium give also an- 
other linear correlation, and 


a=0.472, b=0.904 for MO-Si9,. 


Magnesium compound, MgO-Si0,, deviates from 
this correlation, The present author examined 
also the correlation between the compounds of 
tetrayalent metals, MO,g-Si0,. When the ionic 
radius is taken as 0.87 for Zr'+, 0.88 for Hf*'*, 
1.05 for U*+ and 1.10 for Th** according to 
Goldschmidt, and the polalizabilities of these ions 
are taken as the cubes of the ionic radii respec- 
tively, thorium, hafnium and zirconium show 
linear correlation and in this case, 


a=0.975 and b=1.157 for MO,-SiO,. 


Uranium compound deviates from this line. 


(5) Nitrates.—A linear correlation can be ob- 
tained for the nitrates of sodium. potassium and 
rubidium. Im this case, the linear correlation 
is held for the values both of Fajans and of 
Goldschmidt. Both of the ionic radii given by 
Pauling and by Goldschmidt can also be adopted 
to obtain the linear correlation. And the follow- 
ing values of a and 6 are obtained for M,O0-N20;, 
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a=0.113, fa, (Fajans) 7 ” 
(5-1) 
b=1.57, |r, Pauling) | 
and 
a=0.097, ra, (Goldschmidt) (5-2) 
b=0.440, | r, Goldschmidt) 
Cesium nitrate deviates from this correlation. 
Linearity is better when the Pauling’s value is 
adopted for the ionic radius of sodium than when 
the Goldschmidt’s value is adopted. 
Magnesium, strontium and barium give a linear 
correlation when Fajans’ values are adopted for a, 
and Pauling’s values for r,, and in this case. 


a=0.175 and 6=0.88 for MO-N,0;. (6-3) 


Goldschmidt’s values for @, and r, are not so 
satisfying in this case. 


(6) Phosphates.—The linearity does not suffi- 
ciently stand when the values of Fajans are 
adopted for @, and those of Pauling for r,. The 
results are also not so satisfying when Goldsch- 
midt’s data are utilised. It may be due to the 
assumption that @_ is set as (r_)* and this value 
is not close to the fact, 


(7) Sulphates.—Sulphates of monovalent metals 
give very satisfying results. Especially four com- 
pounds of sodium, potassium, rubidium and ce- 
sium show a completely linear correlation when 
Goldschmidt’s values are adopted for a, and r,. 
Cesium salt deviates from the linear correlation 
slightly when Pauling’s value is adopted for the 
ionic radius. When the polarizability of S*t is 
set as (r_)*, following values are obtained for 
M,0-S0,, 


a=0.250, Es emg (71) 
6=0.480, La, (Fajans) |» 

a=0.255, fr, Golds.) | (7-2) 
b=0°495, ve (Fajans) |» 

a=0, 263, [ r. vera (7#3) 
b=0.666, La, (Golds.)_|° 


The bivalent metal compounds show satisfying 
regularity when Goldschmidt’s values are adopted 
for w, and r,, and 


a=0.36, b=0.62 for MO-SO,. 


The results are not satisfying when the values 
of a, andr, given by Fajans and by Pauling 
are adopted. 


Summary 


(1) An expression for the melting points of 
the inorganic compounds of type MXO,, has 
been obtained as, 


T:(a@,—a_)S&=a—b-(r_/r,), 


and the values of a and b have been given, 
where 7' is the melting point in absolute 
temperature, @, and r, are the polarizability 
and the ionic radius of the cation M‘, res- 
pectively, and @_,r_ are the polarizability 
and the ionic radius of the ion X@"~)* re- 
spectively. 

(2) Considering the results of the practical 
calculation, the values given by Goldschmidt 
are to be adopted for the formula as the polar- 
izabilities and ionic radii, and those given by 
Fajans and by Pauling are less satisfying in 
some cases. It is probably due to the fact that 
the Goldschmidt’s values correspond to the 
ions in the solid and those of Fajans and of 
Pauling to the free ions. 

(3) This formula will be useful for the ex- 
amination of the known values of the melting 
points and for the estimation of the unknown 
data. 

(4) It is very important that ‘melting point’ 
is presented as a function of the variables 


* characteristic for atoms, such as ionic radius 


and polarizability of atoms. 
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Synthesis of 2-Amino-4-methyl-5-aminomethylthiazole 


By Kiku MURATA and Hideo IKEHATA 


(Received March 27, 1952) 


For the purpose of obtaining 2-amino-4- 
methyl-5-aminomethylthiazole presumed as the 
reduction product of azo-color from thiamin, 
reduction of 2-amino-4-methyl-5-cyanothiazole, 
the synthesis of which was reported in a pre- 
vious report, was carried out by several 
different methods. Among them the reduction 
by Raney-nicke]l was successful, although the 
other methods were not good. The results 
obtained will be reported here. 


Experimental 


(1) Catalytic Reduction with Palladium 
Charcoal.—In 30 cc. of acetic and 20cc. of 20% 
distilled hydrochloric acid, lg. of 2-amino-4- 
methyl-5-cyanothiazole was dissolved and air in 
the vessel was replaced by hydrogen gas three 
times, then 2 ¢. of palladium charcoal* in acetic 
acid was added and the mixture was shaken for 
about 16 hours at room temperature. After ab- 
sorption of the calculated amount of hydrogen, the 
solution was separated from the charcoal and 
condensed in vacuo, and then aqueous sodium 
carbonate was added to the residue. Orange 
colored crystal crystallized out from the solution. 
The crystal was separated from the solvent and 
recrystallized from hot water. In spite of repeated 
crystallization, the content of nitrogen in this 
substance was very low indicating that a loss of 
ammonia set free from the aminomethyl group 
produced by the reduction of the cyano group 
could have taken place. Therefore pure crystal 
of 2-amino-4-methyl-5-aminomethylthiazole was 
not obtained. 


(2) Attempted Reduction by Electrolysis.— 
One gram of 2-amino-4-methyl-5-cyanothiazole 
was dissolved in 150 cc. of 20% distilled hydro- 
chloric acid and placed in the cathode chamber 
of a large cell. In the anode chamber was placed 
50 ce of 20% distilled hydrochloric acid. Electro- 
lysis was carried out at the initial current of one 
ampere and potential of six volts, The electrolyte 
was evaporated in yacuo. From the residue 
unreacted 2-amino-4-methyl-5-cyanothiazole was 
collected again. 


(3) Reduction with Lithium Aluminium Hyd- 
ride.—To 50 cc. of absolute ether added with 0.9 
g. of lithium aluminium hydride, 130 cc. of ab- 
solute ether containing 1 g. of 2-amino-4-methyl- 


(1) K. Murata, This Bulletin, 25, 16 (1952). 
* This charcoal contains 5% of palladium chloride. 


5-cyanothiazole were added drop by drop under 
stirring in an ice bath, and thereafter the stirring 
was continued for 30min. more at room tem- 
perature. The destruction of the excess of lithium 
aluminium hydride was accomplished by 30% 
solution of sodium hydroxide, and the reaction 
product was extracted with ether three times. 
The etherial solution was washed with aqueous 
sodium bicarbonate, dried with sodium sulfate, and 
was evaporated, From the residue 0.2 g. of orange 
colored crystal, m. p. 145—162°C, was obtained, 
and 0.6¢. of oil containing a mineral substance 
was obtained from the filtrate. By recrystalli- 
zation of the crystals from methanol and water 
needles-shaped crystals, m. p. 165—166°C. were 
obtained. Mixed melting point with the crystals, 
m. p. 165—166°C, obtained by the reduction with 
Raney nickel, did not show depression. However 
the yield was not satisfactory. 


(4) Catalytic Reduction with Raney Nickel.— 
By the method of W. Huber, 5¢. of 2-amino- 
4-methyl-5-cyanothiazole was dissolved in 120 cc. 
of absolute methanol containing 11 g. of ammonia. 
This solution was poured into an autoclaye with 
a capacity of 500cc, and 10g, of Raney nickel 
was added. 

After filling the autoclave with hydrogen gas 
until it reached 25 atmosphere, it was shaken at 
10—15°C, for two hours. Then the methanol 
solution was separated from Raney nickel and 
condensed in vacuo at 35—40°C., and thereby 
0.8 g. of crystals containing mineral substance as 
impurity was obtained. Gaseous hydrochloric 
acid was passed into the filtrate and allowed to 
stand overnight in an ice chest. The next day, 
4.5g. of colorless crystals, m. p. 120-®225°C. 
(decomp.) was obtained in 60% yield. The crystals 
were dissolyed in methanol, filtered and recrystal- 
lized three times from methanol by adding one 
third its volume of butanol. Colorless crystals of 
2-amino-4-methyl-5-aminomethyl-thiazole hy- 
drochloride m. p. 215—225°C. (decomp.) were 
obtained (Found: C, 27.56, H. 5.46, Caled. for 
CsH»N,S. 2HC1; C, 27.68, H. 5.13). On addition 
of aqueous sodium carbonate to an aqueous solu- 
tion of the hydrochloride, the free thiazole crystal- 
lized out, which after recrystallization from 
methanol and water, gave orange-colored needles, 
m, p. 165—167°C, 


The authors wish to express their sincere 
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(2) W. Huber, J. Am. Chem. Soc. 66, 876 (1944) - 
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An Aromatic Hydrocarbon Isolated from Coal Bitumen 


By Tsutomu SAKABE and Rokuro SASSA 


(Received April 4, 1952) 


Introduction 


Many studies on the solvent extraction of 
bituminous coal, especially about specific ex- 
traction and extractive disintegration have 
been done as useful methods to study the 
chemical constitution of coal. However et- 
tempts to isolate a chemically pure substance 
from the extract and to determine its chemical 
structure have been scarce, so that no con- 
densed aromatic hydrocarbon which is interest - 
ing in reference to the structure of coal has 
been obtained except methylanthracene isolated 
by F. Hofmann and P. Damm from pyridine 
extract of Upper Silesian coal. 

E. Donath®) recognized the existence of 
anthracene and chrysene from color reactions 
of the carbon bfsulfide and chloroform extracts 
of Rositzer coking coal, but he was not suc- 
cessful in isolating these substances. A. Pictet 
and coworkers) isolated two hydrogenated 
derivatives of fluorene from benzene extract of 
Saar coal. 

Analytical compositions of the compounds 
separated by F. Hofmann and P. Damm sug- 
gested the existence of hydrogenated aromatic 
hydrocarbons having molecular weight of 230 
—33(0. From the measurement of molecular 
weight, boiling point, refractive index and H 
—C ratio, B. 8S. Biggs and J. F. Weiler 
pointed out that the hydrogenation products 
of benzene extract and residue were both 
hydrogenated condensed ring compounds and 


(1) F. Hofmann and P. Damm, Brenn. Chem., 3, 73, 81 
(1922): 4, 65 (1923). 

(2) E. Donath, Chem. Ztg., 32, 1271 (1908). 

(3) A. Pictet, L Ramseyer and O. Kaiser, Compt. rend., 
165, 58 (1916). 

(4) B. 8. Biggs and J. F. Wailer, J. Am. Chem. Soc., 59, 
369 (1937). 


similar in the molecular weight distribution. 
Therefore it seems reasonable to consider that 
the extract contains the materials similar to 
the fundamental unit of coal, in which highly 
condensed aromatic hydrocarbons may _ be 
included. 

Furthermore it may be supposed that the 
crystalline substance noticed by R. V. Wheeler 
and C. Cockram® from the so-called ¥, frac- 


‘tion of bitumen was a condensed aromatic 


hydrocarbon. The authors obtained a crystal- 
line substance of high melting point from the 
benzene extract of Yubari bituminous coal, 
and studied its chemical structure by means 
of ultraviolet absorption spectrum. 


Experimental 


Preparation of Bitumen—The extraction was 
carried out in five stages by a rotary bomb of 
five litres. Six bundred grams of Yubari coal, 
ground through 60 Tyler mesh, were extracted 
once at 220°C., twice at 240°C. and finally twice 
at 260°C, The duration of each extraction stage 
was three hours. Two litres of benzene were used 
in each stage. The benzene solutions obtained 
from 3kg. of coal were mixed and benzene was 
distilled off. The residual material from the 
extract was separated into the oily bitumen (127 
g.) and the solid bitumen (195g.) according to 
the ordinary method. 


Isolation of Crystalline Substance—The oily 
bitumen was added to about twice its volume of 
fresh cold petroleum ether, allowed to stand, and 
the precipitate which appeared was filtered. The 
solid bitumen was extracted fifteen times with 
500 cc. of petroleum ether each time. The extract 
was mixed with the precipitate from the oily 


(5) C. Cockram and R.V. Wheeler, J. Chem. Soc., 1927, 
700. 
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bitumen and the fuller’s earth. Then the mixture 
was repeatedly extracted with hot benzene. The 
benzene solution was concentrated by distillation 
and allowed to cool to obtain the crystalline 
substance. After recrystallizing from xylene it 
was sublimated at 280—290°C. under atmospheric 
pressure. The pale yellow crystal thus obtained 
showed the same melting point as that of the 
material obtained from the mother liquid of 
recrystallization. The yield of this material was 
80 mg., 0.003% of the original coal in dry ash 
free basis, but the real content of the substance 
might be higher because of a considerable loss 
during isolation and purification. 

m. p., 304.5—305.5°C, 

Anal., Found: CO, 94.01; H, 5.99. 


Ultraviolet Absorption Spectrum—The ultra- 
violet absorption spectrum of this material was 
observed by photo-electric method in ”-heptane, 
using Shimazu QM—60 spectrometer as a mono- 
chrometer and multiplier photo-tube 1P 28 as 
the detector of the incident and transmitted light. 
The estimation of the intensity of monochromatic 
ray was carried out by direct observation of 
micro-ammeter. The result obtained is shown 
in Fig. 1, where the ordinate is the absorbance 
and the abscissa is the wave length of light in 
my. 


300 300 
Wave length ms 
Fig. 1.—Ultraviolet absorption spectrum. 


Result 


Comparison of the wave numbers calculated 
from this spectrum with those of many con- 
densed aromatic hydrocarbons having 4 or 5 
rings which were reported by H. B. Klevens 
and J. R. Platt suggests that this material] 
has a skeletal structure of either 1.2-benzan- 
thracene, 3.4-benzophenanthrene or picene. If 
it is one of the 1.2-benzanthracene or 3.4- 
benzophenanthrene derivatives, it is considered 
as one of their methyl derivatives from its 
analytical composition. But their melting 


(6) H. B. Klevens and J. R. Platt, J. Chem. Phys., 17, 
470 (1949). 
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points are so much lower that the material 
can not be one of them. For instance the 
highest melting points of their isomers are as 
follows; 1.2-(3’-methylbenz) anthracence: 194 
—195°C., 3.4-benzo-6-methylphenanthrene: 80 
—81°C. If it is a picene derivative, its 
analytical composition shows very good coin- 
cidence with dimethylpicene. Three isomers 
of dimethylpicene have been synthesized by 
L. Ruzicka and coworkers, namely 2.11-dime- 
thylpicene,® m. p. 293—294°C., 4.9-dime- 
thylpicene,® m. p. 380—381°C., and 4.11- 
dimethylpicene, m. p. 805—306°C. Moreover 
L. Ruzicka reported that 4.11-dimethylpicene 
could be sublimated at 260°C. in a high 
vacuum. Therefore it appears certain that the 
material is 4.11 (?)-dimethylpicene. 


CHg 


HgC 


Anal., Cale. for C.,Hjs: C, 94.12; 


H, 5.88. 


Discussion 


The fact that the Yubari coal bitumen 
contains 4.11 (?)-dimethylpicene may suggest 
that it is one of the hydrocarbon skeletons of 
fundamental unit of coal and comes in free 
state by chance. Though definite discussion 
is impossible owing to our poor knowledge of 
coal structure, the followin8 facts can be 
pointed out as the foundation of this opinion; 

1. H.C. Howard@» described that coal had 
a polymeric character, and that cryoscopic 
measurement in catechol of the degradation 
products of Pittsburg seam coal always gave 
molecular weight of 250—350 due to the dis- 
sociating or depolymerizing action of strongly 
polar solvent catechol, which was considered 
as the molecular weight of the fundamental 
unit of coal. The authors found that mole- 
cular weight of the fractions of bitumen and 
pseudobitumen from Yubari coal were approx - 


imately 280—3860 when measured by the same 


(7) G.Egloff, “Physical Constants of Hydrocarbon IV”, 
Reinhold Publishing Corporation, New York (1947). 

(8) L. Ruzicka snd E. Morgeli, Helv. Chim. Acta, 19, 
377 (1936). 

(9) L. Ruzicka and K. Hofmann, Helv. Chim. Acta, 22, 
126 (1939). 

(10) L. Ruzicka and K, Hofmann, Helv. Chim. Acta, 20, 
1155 (1937). 

(11) H. C. Howard, J. Phys. Chem., 40, 1103 (1936). 
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method. The molecular weight of dimethyl- 
picene is 306. 

2. The coal is considered to be constructed 
from the crystallite having graphitic hexagonal 
structure from the viewpoint of X-ray diffrac- 
tion. The breadths of network along “a” axis 
of regenerated humic ~cids from typical Japa- 
nese coals were measured by K. Inouye; 
Yiubetsu coal: 12.44., Takamatsu coal: 9.6 A., 
Takashima coal: 14.8 A., and Shishimachi coal: 
7.8A. It seems to be same order Of Yibari 
coal. Assuming that the distance between 
carbon atoms in picene is nearly equal to 
graphite, the molecular dimension of picene 
is 11.34. 

8. By the study about the hydrogenation 
products of benzene extract and residue from 


(12) K. Inouye, This Bulletin, 23, 132 (1950). 


Edenborn coal, B.S. Biggs and J. F. Weiler 
found that the ratios of the compounds having 
5—7 condensed rings in the hydrocarbon 
skeletons of extract and residue were 23% and 
15% respectively. 

4. Picene™) was included in condensed 
aromatic hydrocarbons obtained from hydro- 
genation product of coal which were described 
in the patents of I.G. Farbenindustrie. 


The authors are deeply grateful to Mr. Kazuo 
Shibata of the Tokugawa Institute for Biologi- 
cal Research for spectral measurements and 
helpful advice. 


‘uel Research Institute 
Kawaguchi, Saitama 


(13) I. G. Farbenind., Brit Pat. 470,338 (1936). 


Sterols and other Unsaponifiable Substances in the Fats of Shell 
Fishes, Crustacea and Echinodermata. X. Corbisterol 


By Yoshiyuki TOYAMA, Minoru KITA* and Tatsuo TANAKA 


(Received May 28, 1952) 


In the 2nd report of this series, a new 
sterol named corbisterol was separated from 
the fat of Corbicula leana, and the formula 
C.5H yO or CygHywO was assigned to this sterol 
on the basis of analysis, iodine value and 
saponification value of its acetate. The iodine 
value was determined by the pyridine sulfate 
dibromide method. In a later study described 
in the 8th report,@) however, the determina- 
tion of unsaturation of this sterol by perbenzoic 
acid showed a value for its acetate, which was 
half the value obtained by the pyridine sulfate 
dibromide method and corresponded to the 
value calculated for two ethylenic linkages. 
The determination of hydrogen value may 
afford a sure means to know the numbers of 
ethylenic linkages of corbisterol, but both 
corbisterol and its acetate absorbed hydrogen 
very slowly, even at an elevated temperature, 
when hydrogenation proceeded to a certain 
degree, and the quantitative hydrogenation 
could not be attained. Bergmann and Ottke®) 


(1) Taro Matsumoto and Yoshiyuki Toyama, J. Chem. 
Soc. Japan, 64, 326 (1943). 

(2) Minoru Kita and Yoshiyuki Toyama, J. Chem. Soc. 
Japan, Pure Chem. Sect., 70, 451 (1949). 

(3) W. Bergmann and R. C. Ottke, J. Org. Chem., 14, 
1085 (1949). 


pointed out that 7-dehydrosterols are prone to 
give iodine values considerably higher than the 
theoretical values, and suggested that corbisterol 
is a 7-dehydrosterol, probably identical with 
22, 23-dihydroergostero]. 

The present paper is concerned with a further 
study of corbisterol by bromination, reduction 
and ozonolysis of corbisteryl acetate and 
absorption spectrum of corbisterol. In order 
to ascertain whether or not the reaction 
involved in the iodine value determination 
accompanies substitution, and to what extent 
if it does, the bromination product was prepared 
by allowing the pyridine sulfate dibromide 
solution to react with corbisteryl acetate under 
the same condition as the iodine value 
determination. The bromine content of bromi- 
nation product was found to be approximately 
6 atom equivalents per one mole of bromina- 
tion product, while the total consumption of 
bromine corresponding to the iodine value was 
8 atom equivalents per one mole of corbisteryl 
acetate. These results may be interpreted by 
assuming that of the total bromine consump- 


* Present address: The Industrial Research Institute, 
Osaka Prefecture. 
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tion 4 atom equivalents are attributed to 
addition reaction while the remaining 4 atom 
equivalents are attributed to substitution reac- 
tion which causes 2 atom equivalents of bromine 
to enter into the bromination product and 
forms 2 moles of hydrogen bromide. Forma- 
tion of hydrogen bromide in bromination was 
ascertained in another experiment in which a 
solution of bromine in chloroform was allowed 
to react with corbisteryl acetate and hydrogen 
bromide formed during the reaction was esti- 
mated by titration with alkali in a specially 
devised vessel. The result of titration indicated 
the formation of as much as 2.9 moles of 
hydrogen bromide per one mole of corbisteryl 
acetate while the total consumption of bromine 
was found to be 8 atom equivalents. Although 
the titration with alkali can not be thought 
to give the correct value of the amount of 
hydrogen bromide formed by substitution, the 
above results show convincingly that substitu- 
tion occurs to a considerable extent in 
bromination. However, it can not be assumed 
that addition of bromine to all ethylenic 
linkages has occurred quantitatively in this 
case, though substitution occurs to a con- 
siderable extent. Bromination product prepared 
from corbisteryl acetate by bromination under 
thorough cooling showed bromine content 
lying between 4 and 6 atom equivalents per 
one mole. 

If perbenzoic acid titration represents the 
real unsaturation, corbisterol should be di- 
unsaturated sterol. It is, however, known that 
perbenzoic acid titration gives a lower value 
than the theoretical value for some compounds 
having conjugate double bonds, as shown by 
Pummerer, Rebmann and Reindel™ jin the 
case of several carotenoids and isoprene, the 
unsaturation of the latter based on perbenzoic 
acid titration being found to correspond to 
only one double bond. The presence of con- 
jugate double bonds in corbisterol was suspected 
from the fact that pyridine sulfate dibromide 
solution developed a peculiar red coloration 
with corbisteryl acetate as in the case with 
tung oil which consists substantially of gly- 
ceride of elaeostearic acid having conjugate 
double bonds. Meanwhile Bergmann advised 
one of the present authors, Toyama, in a 
private communication to take an ultraviolet 
absorption spectrum of corbisterol. Fig. 1 
shows ultraviolet absorption curve of corbis- 


terol. The typical absorption spectrum of 
5,7-dienoic sterols is seen in the curve. 
Corbisteryl acetate shows also a_ positive 


(4) R Pummerer, L. Rebmann and W. Reindel, Ber., 
62, 1411 (1929). 
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Tortelli-Jaffe color reaction. 

Corbisteryl acetate was subjected to ozonoly- 
sis, and a volatile aldehyde was separated 
from the product of ozonolysis by its 2, 4- 
dinitrophenyl hydrazone which formed yellow 
colored needles and had nearly the same 
melting point 115-116° as 2, 4-dinitrophenyl 
hydrazone of ethyl isopropyl acetaldehyde 
obtained by Bergmann and Low®) from the 
product of ozonolysis of poriferasterol. These 
results seem to indicate fairly certainly that 
corbisterol has the formula C,,H iO and that 
its structure is 5, 7, 22-triunsaturated C.)- 
sterol as shown below. 


CHa CoH; 
CHCH=CHCHCH(CH 3)e 


HO 


It differs from ergosterol in the group 
attached to 24-C, the former having ethyl 
group instead of methyl group at 24-C. It is 
also to be noted that comparing corbisterol 
and 7-dehydrostigmasterol prepared from stig- 
masterol by Linsert,© both sterols have nearly 
the same melting point and specific rotation, 
but their acetates differ markedly in their 
melting points. 


Corbisterol 7—Dehydrostigmasterol 
M.p. 151-152° 154° 
\@]p ~105.5° -113.1° 
M. p. of 
acetate 152-153° 172° 


The results of the biological assay of ir- 
radiated corbisterol will be published elsewhere. 


Experimental 


Crude corbisteryl acetate prepared from the 
sterol fraction of the fat of Corbicula leana was 
purified by repeated recrystallization. The purified 
product had m. p. 152-153°, [@]p-72.8°, saponifi- 
cation value 122.1 (calculated for C,,;H4.02:123.9), 
and iodine value (pyridine sulfate dibromide 
method) 221.6 (calculated for C,H 402: 168.2). 


Found: C, 81.94%; H, 11.13 %. 
Calculated for Cay Hyg02: C, 82.24%; H, 10.69%. 


(5) W. Bergmann and E. M. Low, J. Org. Chem., 12, 67 
(1947). 

(6) O. Linsert, Hoppe-Seyler’s Z. physiol. Chem., 241, 
125 (1936). 
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Corbisterol obtained from its acetate showed 
m. p. 151-152°* and [@]p -105.5° after recrystal- 
lization from ethanol. 


Found: C, 84.55%; H, 11.58%. 
Calculated for CopHyg0: C, 84.81%; H, 11.29%. 


Bromination of corbisteryl acetate——Bromine in 
the form of pyridine sulfate dibromide was allowed 
to react with corbistery] acetate under the same 
condition as the iodine value determination, The 
bromination product was separated using ether, 
the ether solution washed with water and dried 
over anhydrous sodium sulfate, and the ether 
distilled off. Bromide thus obtained was a dark 
colored solid (Found: Br, 50.00%. Calculated 
for Cy;HysOeBre: Br, 51.44%). Bromine in chloro- 
form was allowed to react with corbisteryl acetate 
in a similar way as the iodine value determina- 
tion. Titration with thiosulfate gaye an iodine 
value 222.5, After titration with thiosulfate, the 
solution was titrated with sodium hydroxide and 
it was found that the total amount of ecids 
formed in the course of reaction was 2.9 moles 
per one mole of corbistery! acetate. 

Corbisteryl acetate (0.123 g.) was dissolved in 
5 cc. of ether, and bromine in acetic acid (1: 2.5) 
was added dropwise to the solution under cooling 
below —10° until the solution became colored by 
excess of bromine. After keeping the solution 
under cooling for 2 hours, the insoluble bromide 
formed was filtered, washed with cold ether and 
dried under vacuum, yielding 0.0685 g. of white 
crystalline powder. It melted at 186-188° with 
darkening (Found: Br, 45.50%. Calculated 
for Cs,HyO.Brg: Br, 51.44%. Calculated for 
C3,;Hy,02Bry: Br, 41.39%). The filtrate from this 
bromide was washed with thiosulfate solution for 
the removal of excess bromine. Ether was 
distilled off under vacuum until the solution 
became concentrated. On cooling the concentrated 
solution, 0.046 g. of white crystalline powder was 
separated, Fractional crystallization of crystalline 
powder from ether gave 2 fractions, a fraction 
with m. p. 189-189.5° (decomp.) and Br 46.78 % 
and the other fraction with m. p. 183-184.5° 
(decomp.) and Br 42.32 %, 

Absorption spectrum of corbisterol. — Fig. 1 
shows ultraviolet absorption spectrum of corbi- 
sterol in ethanol (0.0018 g. in 15.5857 ¢.) The 
maximum absorptions occurred at 272, 282 and 
294 my and the molecular extinction coefficients 
were 9,974, 10,008 and 6,016 respectively. 

Reduction of corbistery] acetate—Crude corbis- 
teryl acetate (0.085 g.) was dissolved in 20 cc. of 
warm ethanol, and 3.3 g. of metallic sodium was 
added in small portions while the solution was 
refluxed. To the solution then cold water was 
added and it was extracted with ether. On 
distilling off ether, there was obtained 0.077 g. of 
crystalline substance, which had m, p. 144-145° 


* The melting points of corbisterol and its acetate 
recorded in the 8th report seem to be a little too high. 
There might have been some error in the melting point 
determination. 
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Fig. 1—Absorption spectrum of corbisterol. 


and iodine value 140.6 (calculated for CogHy.O : 
123.0) after recrystallization from ethanol. The 
molecular extinction coefficients of the reduction 
product were 503 at 272 mp, 515 at 282 my and 
298 at 294 my, so that the bulk of original 
conjugation in corbisteryl acetate must have 
disappeared by the reduction. 

Ozonolysis of corbistery! acetate.— Corbistery] 
acetate (1.4 g.) was suspended in 14cc. of acetic 
acid and ozonized oxygen with 3% of ozone was 
passed through the solution at a flow rate of 
300-400 cc. per minute. After 50 minutes the 
solution became clear, Ozonized oxygen was 
passed for further 15 minutes. Zine powder and 
a few drops of silver nitrate solution were added 
to the solution while stirring. After 30 minutes 
zinc wes centrifuged. The solution was poured 
into water and the emulsion was heated. The 
volatile matter was distilled and caught in 500cc. 
of 2x-hydrochloric acid solution containing 1 g. 
of 2, 4-dinitropheny! hydrazine. The precipitate 
formed was filtered after standing 20 hours. 
Yield 0.2 g. On recrystallization from ethanol, 
its melting point was unaltered at 115-116°, It 
was optically inactive or very slightly dextro- 
rotatory, if at all. 


Summary 


From the results of a further study of 
corbisterol by bromination, reduction and 
ozonolysis of corbisteryl acetate and absorption 
spectrum of corbisterol, the structure of corbis- 
terol is believed to be 5, 7, 22-triunsaturated 
C.-sterol. 


The authors are indebted to Prof. W. 
Bergmann of Yale University for his kind 
suggestion and advice. The expense of the 
present study has been defrayed from the 
Grant in Aid for Fundamental Scientific 
Research. 


Department of Applied Chemistry, Faculty of 
Engineering, Nagoya University, Nagoya 














LETTER 





[Vol. 25, No. 5 








LETTER 





On the Binding Energy of LiH 


By Iwao YASUMORI 
(Received July, 9 1952) 


As an typical application of quantum 
mechanics to chemical problems, the energy’ 
of the ground state of lithium hydride was 
first caleulated by Hutchisson and Muskat™ 
by a similar method to. Heitler and London’s 
procedure on the hydrogen molecule. Their 
result was reported to be in good agreement 
with the observed value and quoted often in 
many text-books. 

Recently, when calculating the adsorption 
energy of a hydrogen atom on the lithium 
surface,®) the author was forced to recalculate 
the energy of the lithium hydride molecule by 
the same method as H.-M.’s. The wave func- 
tion used is just the same as theirs, i. e., 


V=A(1)P(2)+G(2)V(1), (1) 


where 6=V/8'/37re~*” with §=0.63 is the 2s 
function of lithium, and y=/1/ze~” is the 
1s function of hydrogen. For the effective 
charge of lithium ion core z= 1.26 was adopted. 
All numerical values for the elementary inte- 
grals appearing in ths expression of the energy 
were taken from Kotani, Amemiya and Shi- 
mose’s tables.) The results obtained by the 
present author are very different from H.-M.’s 
(Table 1.) For reference the computed funda- 
mental frequencies are also compared in the 
table. 


Table 1 


Equilibrium Heat of Fundamental 
distance dissoci- frequency 
(A.) ation (@.v-) (¢m.~') 
Hutchisson 
and Muskat 1.44 2.30 1.40 10° 
Yasumori 1.58 1.30 1.3710" 
Observed value 1.60 2.56 1.40x 10% 


This large discrepancy was found to originate 






(1) E. Hutchisson and M. Muskat, Phys. Rev., 40, 340 
(1982). ' 

(2) I. Yasumori, Speech at the 5th annual meeting of 
the Chemical Society of Japsn. 

(3) M. Kotani, A. Amemiya and T. Shimose, Proc. 
Phys.-Math. Soc. Japan, 20, Extra 1 (1938); 22, Extra 1 
(1940). 





in the fact that, when expanding the Sugiura 


integral T,= f [6(1)P/2)G(2)W(1)1/rixdridrs by 


Neumann series, H.-M. had mistaken a coef- 
ficient (1/16) just half of the correct value 
(1/8). The correct formula is as follows: 


a 
T,=¢,7e.?2?R7/8 2 (2r+1)0, (2) 
oa 

In consequence of the reduction by mistake 
of I, which is a positive term, the energy 
calculated by them was incidentally close to 
the observed one. From another point of view 
also, it seems unacceptable that the coulombic 
fraction p in the region near the equilibrium 
distance is 0.06~0.07 as deduced from their 
figure; according to my calculation p is 0.14~ 
0.71, which is reasonable in comparison with 
the values pu,=0.12 and pri,=0.22 computed 
by Rosen et al.© 

Thus it becomes clear that the simple wave 
function (1) of covalent form does not give 
the right value of the dissociation energy of 
lithium hydride as in the case of hydrogen 
molecule. Jn order to obtain closer agreement 
with the observed value, it is necessary, as 
pointed out by Fischer, to include a term 
for the ionic structure Li*H™ in (1). Detailed 
discussions will be published later elsewhere. 


\ Laboratory of Physical Chemistry, 
Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo, Japan. 

(4) Ref., 1) p. 342. 

(5) N. Rosen and 8. Ikehara, Phys. Rev., 43, 5 (1933) ; 
8. Glasstone, K. J. Laidler and H. Eyring, “The Theory 
of Rate Processes” (1941). p. 84. 

(6) I. Fischer, Nature, 168, 1002 (1951). 





A Note on the Accelerating Action 
of Biacetyl and Benzil on the 
Autoxidation of Cyclohexene. 


By Osamu SIMAMURA and 
Motome HAMASHIMA® 

(Received July, 15 1952) 

In view of the recent report by T. Kubota 
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and Y. Shimazu) that ergosterol reacts with 
oxygen in the presence of biacetyl in xylene 
at 30°, we wish to place on record our findings 
obtained in the course of an investigation of 
the autoxidation of cyclohexene which was 
carried out in 1948 to 1949 and the results of 
which have remained unpublished. 

It has frequently been observed that biacetyl 
accelerates the deterioration of butter and 
margarine® to which it has been added as a 
flavouring, and promotes the peroxide forma- 
tion® in fat. There seemed to be no doubt 
that biacetyl played the role of an autoxidation 
catalyst. The following experiments demon- 
strated that biacetyl and benzil, probably 1, 2- 
diketones as a class, act as a catalyst in the 
autoxidation of cyclohexene. Purified cyclo- 
hexene freshly distilled before use was shaken 
in an atmosphere of 760 to 780mm.Hg of 
oxygen in a Warburg manometer in the dark 
at 27°. After the lapse of an induction period 
ranging from 8 to 10 hours the oxygen uptake 
became gradually noticeable (about 0.1 cc. of 
oxygen per cc. of cyclohexene in the course of 
20 hours). When 7.0 mg. of biacetyl per cc. 
of cyclohexene was present, no induction period 
was Observed and the oxygen uptake began 
immediately with a rate of 0.12cc. per hour 
per ce. of cyclohexene, a further absorption 
ensuing with a characteristic behaviour of 
autocatalysis. Biacetyl itself absorbed oxygen 
at a rate of about 0.0025 cc. per hour per cc. 
of biacetyl after an induction period of 9 
hours. Benzil (20.9 mg. per ce. of cyclohexene) 
also was found to exert a similar, though 
somewhat weaker, accelerating effect, the initial 
rate of oxygen uptake being 0.04 cc. per hour 
per cc. of cyclohexene. The cyclohexene used 
in the above experiments could not be con- 
sidered as quite free from any traces of the 
peroxide; for, though a freshly distilled sample 
gave hardly perceptible coloration with ferrous 
ammonium sulfate and ammonium thiocyanate 
solutions, 1cc. of it, added to 5cc. of acetic 
acid, 1g. of potassium iodide and S0cc. of 
water and, after 20 minutes, the liberated 
iodine titrated, consumed 0.08 to 0.15 cc. of 
N/20 sodium thiosulfate solution. 

Incidentally, the addition of 43.2mg. of 
bromanil per cc. of cyclohexene inhibited the 
absorption of oxygen by cyclohexene, the 


(2) T. Kubota and Y. Shimazu, Proc. Japan Acad., 28, 
80 (1952). 

(3) N.King, Chem, Abstr., 25, 4943 (1931). T. Tapernanx, 
ibid., 27, 785 (1933). B. W. Hammer, ibid., 29, 6658 (1935). 
H. Schmallfuss and U. Stadie, ibid., 39, 3370 (1945). 

(4) W. Ritter and T. Nussbaumer, ibid., 33, 9467 (1939). 
Recently A. Reinart (ibid., 44, 2664 (1950)) reported that 
biacetyl also has a deleterious effect on the carotene and 
bixin. 
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induction period being prolonged to more 
than 60 hours. This observation may be of 
interest in view of the action of chloranil as an 
effective chain transfer agent in the polymeri- 
zation of styrene. 


Department of Chemistry, Faculty of Science, 
Tokyo University, Tokyo. 
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Dielectric Dispersion of Copper 
Sulphate Pentahydrate Crystals 


By Ryditi KiRTyAMA and 
Hideko [BAMOTO 


(Received August 28, 1952) 


Temperature dependences of the dielectric 
constants and losses of copper sulphate pen- 
tahydrate single crystals perpendicular to their 
@ (111) planes have been measured from —180° 
to 120°C and at frequencies between 300 ¢ and 
3 Me. 

_In order to approach to equilibrium condi- 
tions under the water vapour pressures for 
given temperatures, we put a considerable a- 
mount of the crystal grains in the bottom of the 
glass cell, thus we were able to obtain repro- 
ducible values up to 96°C which coincides with 
the dehydration temperature. 

At temperatures higher than about 70°C, 
there is a distinct dispersion of the dielectric 
constants. Up to 96°C they decrease gradually 
at higher frequencies (600 ke and 3Mc). The 
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values are 5.36 at 20° and 4.0 at 95°C. In 
this frequency region, we have obtained the 
same values for several specimens, therefore, 
this fall must be of an essential nature of this 
crystal. At lower frequencies (500c to 5 kc), 
on the contrary, the higher the temperature, 
the larger is the dielectric constant. In this 
frequency region, however there has been found 
no saturation phenomenon and also no_ loss 
maximum. 

The dielectric constants increase rapidly when 
dehydration occurs. Such a phenomenon is 
common in many dehydration processes of 
hydrated crystals, and this is originated mainly 
from the proton-conduction in the absorbed 
layer of dehydrated water molecules on the 
crystal surfaces. 

The reason of the dispersion phenomenon 
below the debydration temperature may be 
attributed to the orientation polarization of 
the fifth water molecule of this pentahydrate. 
This water molecule is linked with other water 
molecules by hydrogen bonds as shown by the 
determination of crystal structure, and resem- 
bles to the molecules in ice. Other four water 
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molecules coordinated directly to the copper 
ion do not contribute presumably to the orien- 
tation polarization. 

Next, the reason of the gradual fall of the 
dielectric constants at higher frequencies must 
be the diminution of protonic polarization 
caused by the expansion of the crystal lattice 
as the temperature rises. Such a _ protonic 
polarization may have a larger value when a 
proton is forming a hydrogen bond between 
two oxygen atoms than simply in a hydroxyl 
radical. When the strength of a hydrogen 
bond is weakened by the lattice loosening at 
higher temperatures, such an ionic nature of 
this hydrogen atom will decrease and a cova- 
lent nature of it will increase. Then, as the 


result of such protonic polarization, the dielec- 
tric constant at higher frequencies where no 
orientation polarization takes place falls down 
gradually with temperature. 

Datails will be published in this Bulletin. 


Department of Chemistry, Faculty of 
Science, Osaka University, Osaka 








